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While in the bulk of materials local 
electroneutrality has to be fulfilled, at interfaces 
space charge zones occur which provide addi¬ 
tional degrees of freedom defined by the contact 
chemistry. So it is the individual preference of 
a given charge carrier for a certain phase or the 
boundary core itself that is to the fore. The trade¬ 
off of this additional flexibility is the occurrence 
of an electrical field which confines the effects to 
the immediate vicinity of the interface. 

In the case of crystalline solids, the calculation 
of the equilibrium charge carrier concentration as 
a function of the control parameters (typically 
partial pressures of the components, dopant con¬ 
centration, and temperature) requires mass action 
laws of point defect generation or interaction, but 
in addition to these chemical constraints also an 
electrostatic constraint. In the bulk this is local 
electroneutrality, while at the boundaries excess 
charges can be tolerated but regulated by 
Poisson’s equation and the respective boundary 
conditions. This excess charge decays to zero 
towards bulk within a characteristic length that 
typically is in the range of nanometers (maxi¬ 
mum, about 100 nm for very pure materials; 
minimum, interatomic distance). Thus at inter¬ 
faces, depending on the chemistry there, charge 


carriers can be accumulated or depleted by orders 
of magnitude compared to the bulk. Notwith¬ 
standing structural changes that might occur as 
well, this space charge effect occurs even and in 
particular for an abrupt junction. For surfaces of 
solids this has been addressed by Frenkel, 
Kliewer, and Blakeley [1-3]. A general treatment 
of space charge effects at interfaces as a function 
of the thermodynamic parameters and hence 
implementation in the defect chemical consider¬ 
ation was given by the author [4] . It is the latter 
procedure that paved the way for a systematic 
exploitation of space charge effects (“Heteroge¬ 
neous Doping” or “Higher-dimensional Doping”) 
with respect to materials design [5]. 

Figure 1 is a key figure in this context and 
highlights for a Frenkel-disordered solid the 
thermodynamic behavior of mobile electronic 
and ionic carriers at boundaries and their 
coupling [6]. Figure 2 is equally important as it 
shows the complete problem set to be solved 
using the example of surface space charges [7]. 
Based on this treatment it was possible to explain 
a great variety of anomalies as well as to predict 
and verify new systems of interest. 

Figure 3 gives a collection of prototypes [8]. 

To emphasize the potential of this “higher¬ 
dimensional doping,” let us consider a pure 
material in which cation vacancies and cation 
interstitials represent the relevant ionic carriers 
and in which the electronic carriers are in minor¬ 
ity. Let us further imagine we are primarily 
interested in the cation vacancy owing to higher 
mobility. If the counter defect possesses a higher 
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defect formation energy than the cation vacancy, 
the cation vacancy concentration is very limited 
owing to electroneutrality irrespective of its quite 
favorable individual formation energy. A well- 
known remedy is (homogeneous) doping: in the 
special case considered, one would try to intro¬ 
duce a positively charged dopant. The benefits 
are very limited if the solubility for the dopant 
is small. If one, however, creates a situation 
where the metal ion is absorbed or adsorbed 
owing to the second phase or the core region of 


interstitial ionic level 




Nanoionics at High Temperatures, Fig. 1 The figure 
shows the energy level diagram for a mixed conductor MX 
with Frenkel disorder in the cation sublattice. Top\ ionic 
disorder. Bottom : electronic disorder. The connection 
occurs via the chemical potential of the component 
(Reprinted from Ref. [6] by permission of Elsevier) 


the contact (e.g., grain boundary core), metal 
vacancies are accumulated in the space charge 
zones of the material under concern. This accu¬ 
mulation effect can be huge but is restricted to the 
very surroundings of the contact. For properties 
that directly probe the interfacial situation (e.g., 
surface kinetics in fuel cells, electrochemical 
transfer reactions), this is immediately of great 
relevance. As far as overall transport properties 
are concerned, a high density of percolating inter¬ 
faces is required for a substantial overall effect. 
Should the spacing of the interfaces be so small 
that the material is charged everywhere, then 
mesoscopic situations are realized. 

A thorough theoretical treatment together with 
various verified examples can be found in previ¬ 
ous works of the author [4-9]. It is particularly 
important to note that all carriers that are mobile 
feel the field effect even if their contribution to it 
is marginal (fellow traveler effect) [4]. For that 
reason ionic space charge effects are also crucial 
for electronic conductors. 

In the following, and referring to Fig. 3, a few 
characteristic situations are described that are of 
interest for high-temperature defect chemistry 
(see Ref. [10] and references therein): 

1. A phenomenon of great practical relevance is 
the increase of ion conductivity by adding 
second surface active particles (a). The earli¬ 
est example was LiI:Al 2 0 3 , [11] later exam¬ 
ples are silver, copper, and thallium halides 
which showed similar effects [4, 5]. Similar 
effects can also be observed for anion conduc¬ 
tors examples (e.g., PbF 2 : Si0 2 ) (b) [4]. They 
all find their explanation in the concept of 


Nanoionics at High 
Temperatures, 

Fig. 2 Defect chemistry at 
a surface layer. Unlike 
x > 0, the ground structure 
is changed at x m 
s (referring to the surface or 
adsorption layer) 

(Reprinted from Ref. [7]) 
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Nanoionics at High Temperatures, Fig. 3 A collection of ionic space charge effects at interfaces involving solids 
(Reprinted from Ref. [8] by permission of Elsevier) 


heterogeneous doping, as quantitatively 
developed in Refs. [4-10,12]. 

A key parameter is the point defect concen¬ 
tration (c 0 ) directly adjacent to the interfacial 
core containing the information on the 
second phase. From a thermodynamic view¬ 
point, we better express c 0 in terms of surface 
charge density or even better in terms of the 
“energy levels” as the real invariants (see 
Fig. 1) [12]. 

2. Space charge zones also occur at surfaces. 
Exciting examples are Ag-halide surfaces the 
excess charge of which can be varied by acid- 
base active gases (g). This can be nicely 
exploited for chemical sensing of acid-base 
active gases such as NH 3 . (The anionic 


analogue to NH 3 : AgCl is BF 3 : CaF 2 [5].) 
Other examples of interest are stoichiometry 
and lattice constant anomalies in Ce0 2 
[13, 14]. 

3. If the second phase is a Frenkel-disordered 
ionic conductor itself, Ag + can be absorbed 
and accommodated in its charge zones, rather 
than just adsorbed. Examples are Agl: AgBr, 
Agl: AgCl (i), or CaF 2 : BaF 2 as anionic coun¬ 
terpart (j) where ions can redistribute in addi¬ 
tion to possible neutral mixing demanded by 
the phase equilibrium. A particularly thorough 
study referred to CaF 2 /BaF 2 heterolayers as 
here the morphology is simple and the layer 
thickness could be varied from nm to pm. The 
situation becomes exciting if the thickness of 
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the layers is so small that the space charge 
zones overlap, then not a single point within 
the layers remains electroneutral [15]. 

4. Excess charges also occur in polycrystalline 
materials owing to charging of the interfacial 
core. So in Ag-halides (i) or BaF 2 , CaF 2 (j), we 
find Ag + or F accumulation in the core and 
vacancy accumulation in the space charge 
zones. This effect can be chemically aug¬ 
mented by contaminating the grain boundaries 
with Lewis acids or bases [5]: 

In oxide systems [16-22] the grain bound¬ 
ary core is often found positively charged 
owing to ex-corporation of O 2 in order to 
energetically stabilize the grain boundary. 
This positive core charge leads to a variety of 
significant phenomena (see Fig. 4): depletion 
of holes resulting in an increased resistance of 
p-type SrTi0 3 , even greater depletion of oxy¬ 
gen vacancies. The increase of excess elec¬ 
trons is most clearly seen in Ce0 2 where 
lightly doped Ce0 2 switches from ion to elec¬ 
tron conductivity if downsized. Depletion of 
protons in oxidic materials appears to be the 
reason for the enormous grain boundary resis¬ 
tances in BaZr0 3 preventing the material from 
being an excellent proton conductor in poly¬ 
crystalline form. The joint effects on excess 
electrons; holes and oxygen vacancies can be 
nicely seen in the oxygen partial pressure 
dependence of the transport properties in nano¬ 
crystalline SrTi0 3 . Also here the grains are in 
the mesoscopic regime. As far as the electronic 
contribution is concerned, downsizing to about 
30 nm leads to a change in the electronic defect 
chemistry that is equivalent to a P 0 2 change of 
12 orders of magnitude. The ionic contribution 
essentially vanishes (depression by 6 orders of 
magnitude) [23]. 

5. As point defects are also highly reactive centers, 
the space charge in particular at surfaces is very 
important for heterogeneous catalysis [24—26]. 
A few studies are available that highlight the 
significance of heterogeneous doping in that 
respect. Related effects that also rely on charg¬ 
ing and the individual redistribution of ions are 
spillover and the variation of catalytic activity 
by polarizing a solid electrolyte (h) [24, 27]. 



Nanoionics at High Temperatures, Fig. 4 Carrier con¬ 
centrations near a positively charged grain boundary core 
in oxide systems (here: Mott-Schottky situation in an 
acceptor (A') doped oxide) 


6. A related area in which now experiments are 
underway is the significance of space charge 
zones for chemical or electrochemical reac¬ 
tions at surfaces or interfaces. Large effects 
are expected as the relevant interfacial carrier 
concentration is greatly affected (surface 
vacancies). 

7. Space charge zones can also lead to storage 
anomalies, as shown recently in the context of 
Li-based batteries (1). As described in Ref. 
[28], early results [29, 30] on greatly varied 
miscibilities in the system (Ag-chalcogenide: 
A1 2 0 3 ) may be explained in this way. Simi¬ 
larly one has to reckon with varied (charged) 
non-stoichiometries at oxide interfaces. This 
list can be prolonged, in particular as phenom¬ 
ena at lower temperature are concerned. 

These selected master examples highlighted 

the significance of nanoionics for applied electro¬ 
chemistry as to find better electrodes, electrolytes, 
catalysts, and chemical sensors. It is also 
a fundamentally exciting area, as it leads to 
(i) new mechanisms and (ii) to new adjusting 
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screws. In addition to temperature component 
partial pressure and doping content, these new 
degrees of freedom are nature, density, and distri¬ 
bution of interfaces and hence include size effects. 

A key point which is heavily investigated at 
the moment is how to influence and tune the core 
charge of given systems. Whether or not this will 
work out satisfactorily, it can be foreseen that 
nanoionics will play a similarly important role 
for energy research as nanoelectronics does for 
information technology. 

So far the ionic space charge concepts have 
been mainly applied to transport and storage. An 
area that is not adequately addressed but expected 
to be greatly influenced by such effects is the area 
of interfacial transfer and reactions including 
reaction kinetics, catalysis, or in particular the 
electrochemical transfer reaction. In many of 
these processes, defect concentrations are 
involved in the rate determining steps and not 
only will space charge considerations help under¬ 
stand them but more importantly lead to 
a targeted improvement of electrochemical 
performance. 

Cross-References 

► Solid Electrolytes 
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Introduction 

The electrical excitability phenomenon, inherent 
to neural tissues, provides an opportunity to 
effect external control over many body systems: 
paralyzed limbs can be made to move, the blind 
can experience visual sensations, the deaf people 
can experience the voice of others close by 
or by phone, pain can be alleviated, tremors 
suppressed, and mental disorders treated. 
Devices, often referred to as neuroprostheses, 
that perform these functions can be sold. Compa¬ 
nies that make devices that provide the most 
function with the smallest, safest devices that 
also have long battery lifetimes usually have the 
market advantage. Function is directly related to 
electrode placement; improperly placed elec¬ 
trodes don’t work or have undesirable side 
effects. The remedy has been reimplantation, 
but tunable electrodes, structures with multiple 
small contacts, are making it possible to avoid 
additional surgery by providing pathways to 
manipulate the shape of the excitatory fields. 


Device size is often dictated by the size of the 
battery, and the body usually accommodates 
smaller devices more easily. Safe devices don’t 
cause tissue injury. Devices that have long bat¬ 
tery life don’t require replacement as often. 
On the down side, devices do fail and inject 
unintended charge through the electrode contacts 
causing changes local to the contact site that often 
lead to costly litigation. Life-changing experi¬ 
ences are opened with these devices, and money 
can be made and lost. Understanding how they 
work or made to work more efficiently is key to 
their growing use and success. Further, bringing 
new devices or improved devices to the market 
can involve costly animal trials because of safety 
concerns. Electrical charge, weather drawn from 
internal batteries or injected through metal con¬ 
tacts into the electrolytes found in the living 
system, is common to understanding and improv¬ 
ing neural prostheses. 

It should come as no surprise to an electro¬ 
chemist that many of these issues reduce to 
injecting the least amount of charge with the 
least amount of electrical potential to get the job 
done. Minimizing the amount of charge injected 
lessens the drain on power sources and lessens the 
likelihood that bad things will happen at the 
electrode-electrolyte interface where the target 
cells live. Keeping the potential low, particularly 
the ohmic losses, usually means the battery is 
physically smaller for the implantable pulse 
generator. 

Typically neural stimulating electrodes: 

• Are platinum or stainless steel in commer¬ 
cially available devices. 

• Subjected to current densities that can be in 
the range of 1 A/cm 2 . 

• Employ pulse configurations that are biphasic 
with the cathodic phase first. 

• See pulse durations range from 50 to 200 pS, 
with lower and higher values also employed 
and are subjected to. 

• Repetition rates range from 10 to 200 Hz with 
higher rates used in some applications. 

The job to be done by an electrode, connected 
to a current or potential source, is to create 
a potential field in the region of neural tissues 
that is capable of initiating a propagated action 
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potential. The propagated action potential is 
a signal traveling on a unity-gain transmission 
line, the axon or nerve fiber, from the signal 
source, usually the cell body of the nerve or 
neuron, to the terminal end where the invading 
potential change initiates the release of 
a neurotransmitter, transferring the signaling 
information to the target cell, e.g., muscle or 
another neuron. Basically, the axon is the means 
by which the brain receives information and gives 
commands to and receives commands from 
distant parts of the body. The unity-gain feature 
of the axon is the phenomenon we harness to take 
control of the nervous system. 

Basics of the Stimulation Target, 
the Axon 

Information is carried in the nervous system by 
pulsed signals carried on axons designated for 
specific functions, e.g., vision, hearing, pain, 
and limb movement. Usually a higher pulse 
repetition rate implies a more intense piece of 
information being transmitted, and often bursts 
are used to get the attention of certain cells. 
Repetition rates, sometimes called firing rates, 
run in the range of 10 Hz to a couple of 100 Hz, 
with some body systems operating above, for 
short periods, and below these values. The firing 
rate determines the nature of the transmitter 
released at the terminal end, which is the key 
information transferred. 

The neural signal is a localized transient 
change in the transmembrane potential of the 
axon (each less than 20 pm in diameter). The 
unity-gain transmission is achieved by having 
repeaters spaced along the axon at distances 
below 2 mm over the entire length. The repeaters 
are clusters (~ 1,000 per p 2 ) of voltage-gated 
sodium ion channels isolated to the nodes of 
Ranvier, the gap between cells acting to insulate 
the length of the axon. The resting membrane 
potential is maintained at or near the Nernst 
potential for potassium by voltage-gated potas¬ 
sium ion channels, allowing potassium to move 
from inside to outside the membrane. Depolari¬ 
zation, sodium moving from outside to inside the 


cell, of one node creates a potential difference 
between nodes and initiates the depolarization of 
adjacent nodes, which accounts for the propaga¬ 
tion of the signal. Movement of potassium from 
the inside to the outside of the membrane 
reestablishes the resting membrane potential in 
preparation for the next signal to be transmitted. 

Stimulation-Induced Action Potentials 

When a current or voltage pulse is applied to an 
electrode in a living system, double-layer charg¬ 
ing takes place and if the potential is sufficient 
electron transfer occurs across the electrode¬ 
tissue interface. Further away from the interface 
ions move, in response to the local changes, to 
the induced by the current injected into the 
electrode and create a spatial potential gradient, 
and if that area contains axons, action potentials 
can be initiated that propagate the entire length of 
the axon as if they were naturally initiated. 

Strength-Duration Curve: Shorter 
Duration Pulses Require Larger 
Amplitudes 

When the electrical excitability phenomenon of 
axons was discovered, investigators explored 
the relationship between pulse duration and 
pulse amplitude required to initiate an action 
potential on an axon. The results of their inves¬ 
tigation looked something like the graph shown 
in Fig. la, which indicates that larger currents 
are required to initiate an action potential when 
shorter pulse durations were used. In order to 
account for the fact that the separation between 
the electrode and the excitable tissues deter¬ 
mined the magnitude of the stimulus, the term 
rheobase current (I r ) was defined as the asymp¬ 
tote defining the minimum current and the 
chronaxie time (t c ) was the time defined by the 
point on the duration axis at twice the rheobase 
current. The chronaxie time is relatively stable 
from lab to lab and measurement to measure¬ 
ment for given tissues where as the rheobase 
is variable. 
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Pulse Duration (ms) 


Neural Stimulation Electrodes and Sensors, 
Fig. 1 Strength-duration (a) and charge-duration (b) 
plots for nerve stimulation [1]. The current amplitude 
required to create a propagated action potential has been 
experimentally found to increase as the duration of the 
current pulse decreases. The actual magnitude depends on 
the separation between the electrode and nerve, which 
shifts the plot shown in a up or down. To accommodate 
for the shift and to make the result from one laboratory 
useful to another laboratory, the rheobase current is 
defined as the minimum current for a very long pulse, 


b i oo 111 i i i i 11111 i i i 111111 i 



Pulse Duration (ms) 


the asymptote. Doubling this value, 2I r , and measuring 
the intersection with the experimentally derived data 
defines the chronaxie time (t c ), a measurement easily 
transferable between laboratories. The chronaxie for neu¬ 
ral tissue is in the range of 100 pS and the chronaxie for 
muscle tissue is in the range of 10 mS. Multiplying the 
current amplitude in a by the pulse duration yields the 
charge delivered to the nerve. Plotting the charge as 
a function of pulse width produces b. In b it is noted that 
the injected charge, required to effect a propagated action 
potentials, decreases with decreasing pulse width 


Charge-Duration Curve: Short Duration 
Pulses Are More Efficient 

The relationship between charge injection 
required to initiate a propagated action potential 
and the pulse duration can be found by 
reformulating Fig. la into a charge-duration 
curve (Fig. lb). We learn from this plot that 
charge required to initiate a propagated 
action potential decreases with decreasing pulse 
width and to minimize the amount of charge 
injected, one should use the shortest possible 
pulse width. Practical constraints are brought to 
bear when one actually builds a stimulator 
because of power supply considerations 
(Fig. la). Generally speaking, pulse durations in 
the range 50-200 pS are used in most electrical 
stimulation devices, right around the chronaxie. 


Charge Injection Limits to Avoid Tissue 
and Electrode Damage 

If target tissue is damaged or the electrode 
destroyed by a device with an intended purpose 
of restoring or providing a therapeutic effect 
the device fails, not good for many reasons. The 
mechanism for tissue damage is not now known. 
There are two schools of thought, (1) hyperactiv¬ 
ity brought on by forcibly driving the target cells 
and (2) by toxic products of the charge transfer 
process. They are not mutually exclusive, but this 
author subscribes to the electrochemical aspect, 
which forces the focus on the metals used at the 
charge transfer site. 

Platinum and stainless steel are two metals 
extensively used in commercially available 
implanted neurostimulating devices. Studies have 
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■ Yeun ‘81 unsafe 

Q Mortimer 1980 biphasic 
safe 

O Pudenz “75 safe 

* Pudenz 75 unsafe 

• Mortimer 1980 biphasic 
corroded 

A Mortimer 1980 maxQ to 
avoid corrosion 

* Diaphragm Pacer 

- Peterson 1994 IM stainless 
McCreery ‘88, 90 unsafe 

McCreery ‘88,90 safe 
Robblee ‘83 Pt 

• Robblee ‘83 no Pt 

□ Cogan, Guzelian etal 04 
safe 

■ Cogan, Guzelian etal 04 
unsafe 


charge per phase (pC/phase) usually at 50 Hz 


Neural Stimulation Electrodes and Sensors, 
Fig. 2 Shannon plot. This graph presents experimental 
data on safe and unsafe levels of stimulation. The safe and 
unsafe data are separable by the orange line defined by k = 
log (Q/A) + log (Q) and in this case k = 1.75. Charge and 
charge density values to the left of the line have been 
deemed safe from animal experiments using platinum 
electrodes applied to the brain, small white filled symbols, 
and values to the right have been deemed unsafe, small 
black filled symbols. The small circles indicate result 
where platinum was found in the brain tissue, red filled, 
and no platinum was found, green filled. The data 
appearing on the 10 mm 2 line (< dashed line moving from 


lower left to upper right) are all for stainless steel elec¬ 
trodes in muscle. The safe values for stainless steel white 
filled or green. The brown filled symbols represent data 
from experiments in muscle where the electrodes were 
found to be corroded, but no significant tissue damage 
was observed. The green filled triangle depicts a point 
where the anodic corrosion potential limits maximum 
charge and charge density for a stainless steel electrode 
when charge balance is applied. The green filled square 
represents data collected from iridium oxide microelec¬ 
trodes where the electrode appearance and tissue 
responses were deemed safe, and the red filled values 
represent electrode and tissue injury 


N 


been carried out with electrodes implanted in and 
on brain and muscle of animals and the tissues 
excised for microscopic analysis. The results of 
the early experiments using platinum electrodes 
were studied by Robert Shannon [2] . He found that 
plotting the results as log (charge per unit area) as 
a function of log (charge) yielded a plot where the 
“safe” and “unsafe” data could be separated by 
a line defined by: 


k = logQ/A + logQ 

There is no known explanation for these 
results, but they work and seem to apply to 
a range of electrode sizes. 

Since Shannon’s publication I have added 
experimental data to that plot; Shannon plot 
shown in Fig. 2 [3-10]. Consider first platinum: 
filled black symbols are data for levels deemed 
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“unsafe” for platinum electrodes applied to brain 
tissues, and open symbols are deemed “safe.” The 
line defined as k = 1.75 separates the “safe” 
(lower left) and “unsafe” (upper right) platinum 
data. The dashed lines are lines of constant 
electrode area (geometric). 

A designer will use this plot to specify max¬ 
imum limits for stimulation. For example, say 
that a device has been designed with a platinum 
electrode having a geometric area of 1 mm 2 . 
From the Shannon plot, the maximum “safe” 
limit for charge injection is 0.75 pC. For 
this electrode and for a 100 ps pulse, the maxi¬ 
mum “safe” amplitude would be 7.5 mA or 
0.75 A/cm 2 . 

Now consider stainless steel, usually 316 
LVM. These electrodes were all formed by wind¬ 
ing stainless wire, stranded and single strand, into 
a helix and inserting them, with the aid of 
a hypodermic needle, into muscle of cat. The 
area of the conducting surface was estimated to 
10 mm 2 . These data are presented in the Shannon 
plot as filled symbols plotted on the 10 mm 2 
line [6]. The two white symbols represent data 
collected for balanced charge biphasic, cathodic 
first, pulses at 1 and 2 pC/phase, which were 
deemed safe. Increasing the charge injection to 
10 and 20 pC/phase for balanced charge biphasic, 
cathodic first, pulses, brown filled symbols, 
caused the electrodes to corrode but did not 
cause an increase in muscle tissue damage. It 
was determined that at charge density less than 
or equal to 40 pC/cm 2 would not cause corrosion 
of the stainless steel electrodes, green filled trian¬ 
gle symbol. If Q/A(Q) for stainless steel has 
a similar relationship to that found for platinum, 
then the k value for stainless steel would be 2.2, 
meaning that more charge can be “safely” 
injected with stainless steel than platinum! 
These results put the charge injection limits on 
stainless steel as electrode corrosion rather than 
tissue damage. Subsequent experiments using 
imbalanced biphasic pulses [11], less charge in 
the anodic phase than the cathodic phase, 
demonstrated that charge densities as great as 
120 pC/cm 2 , threefold increase, could be “safely” 
applied to muscle without causing corrosion or 
tissue damage. 


Speculation on the Cause of Tissue 
Damage with Platinum Electrodes 

The data presented on stainless steel point to 
corrosion as the limiting factor, and the results 
indicate that cells in the immediate vicinity of the 
electrode can tolerate the corrosion products of 
stainless steel. Now, consider the two filled circle 
symbols for Robblee’83 data. The red filled 
symbol represents data where platinum was mea¬ 
sured in the capsule and in the first millimeter of 
brain tissue at charge density injection rates of 
100 pC/cm 2 /phase AND; this datum point lies to 
the right of the k = 1.75 line! No platinum was 
detected in the capsule or the brain tissue for 
charge injection rates of 20 pC/cm 2 /phase, 
a datum point to the left of the k = 1.75 line. 
These observations suggest that the corrosion 
products of platinum may be a causative factor. 

In the 1960s Rosenberg was studying the role 
of electric currents on cell division and serendip- 
itously discovered that cisplatin, a reaction prod¬ 
uct of the electrochemistry, was toxic to the cells 
in the culture [12]. The mechanism of toxicity is 
believed to be cisplatin interacting with DNA of 
the cell to induce programmed cell death, apopto¬ 
sis [13]. Cisplatin has subsequently become 
a widely used anticancer agent, particularly for 
treating testicular cancer. In 1977 Agnew and 
colleagues [14] reported the results of injecting 
platinum salts into the brain of cats. They 
reported that the ultrastructural changes bore 
a likeness to the ultrastructural changes induced 
by electrical stimulation. It is curious that neither 
Robblee and her colleagues nor Agnew and his 
colleagues, all very familiar with neural stimula¬ 
tion of the brain, never acknowledged a connec¬ 
tion to cisplatin. 

Drawing from the stainless steel experience, if 
cisplatin, a product of platinum corrosion, occurs 
during electrical stimulation of the brain with 
platinum electrodes, it will be possible to increase 
the charge injection through platinum electrodes 
to values beyond k = 1.75 by using imbalanced 
biphasic pulses, less charge in the anodic phase. 
When balanced charge biphasic pulses are 
employed, any charge going into irreversible 
reaction products during the cathodic phase will 
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force the electrode potential positive to the poten¬ 
tial prior to the initiation of the cathodic phase. 
When the electrode potential of platinum is 
forced positive, potentials may be reached to 
push the electrode potential into regions where 
platinum oxide is formed as well as platinum 
salts. Putting less charge in the secondary, 
anodic, phase forces the electrode less positive. 

Why Biphasic Pulses and not 
Monophasic Pulses? 

When a cathodic pulse is applied to an electrode, 
double-layer charging occurs along with any 
reduction reactions. At the termination of the cur¬ 
rent pulse, the electrode potential can decay by 
reactions driven by charge stored on the double 
layer (and pseudo capacitance), and in the case of 
electrodes in the living system, the reactions is 
oxygen reduction. Under resting conditions, the 
electrode potential of a platinum electrode can be 
found just positive where oxygen reduction 
occurs. The products of oxygen reductions are 
reactive oxygen species that, among other possi¬ 
bilities, react with nitrous oxide in the walls of 
blood vessels to induce vessel constriction and 
ischemia. Prolonged ischemia can lead to cell 
death. This reaction, occurring during the 
interpulse interval, can be eliminated by 
discharging the double layer (and pseudo capaci¬ 
tance) through a current pulse, anodic, supplied by 
the stimulator, thus a biphasic pulse. When Lilly 
[15] discovered biphasic pulses were less harmful 
than monophasic, he thought the harm was coming 
from displacement of the constituents of the cell 
wall and reasoned that a balance charge biphasic 
pulse would restore the displaced constituents. 
This is to origin of, what I call, the dogma in our 
field, balanced charge biphasic pulses are the law. 

Adding a Delay Between the Cathodic 
Phase and the Anodic Phase of the 
Biphasic Pulse 

In the preceding section, I have made the argu¬ 
ment for biphasic stimulation. The first, usually 


cathodic, phase initiates the propagated action 
potential, and the second, anodic phase, is for 
the purpose of discharging the double layer (and 
pseudo capacitance) in order to terminate the 
electrochemistry driven by the cathodic phase. 
The down side to the second phase is that it can 
terminate/quench the development of the action 
potential [16]. This is because, when working 
with stimulus values slightly over threshold, the 
propagating action potential occurs after the ter¬ 
mination of the cathodic phase. The quenching 
effect can be overcome by increasing the magni¬ 
tude of the primary, cathodic, phase, but this 
violates the principal of minimizing charge injec¬ 
tion. An alternative to increasing the cathodic 
charge injection is to add a delay between the 
primary and the secondary phases. The addition 
of the delay is illustrated in Fig. 3. The data 
presented were derived from an experiment 
where an intramuscular electrode was inserted 
into a muscle. The electrode was in the vicinity 
of the nerves innervating the muscle fibers, which 
means that some of the nerve fibers were closer to 
the electrode and some further from the current 
source, at the electrical threshold for excitation 
or slightly above threshold. In this experiment 
a monophasic pulse represents the control, 
dashed line. When the delay between the primary 
and the secondary pulse was zero, the evoked 
muscle response was ~45 % of the monophasic 
response. As the delay between the two phases 
was increased, the evoked muscle response 
increased. Most devices, that are capable of 
adding a delay, use a 100 pS delay between the 
two phases. The results shown were for nerves 
innervating muscles, but the results apply to 
virtually all neurostimulation devices. 

The Neural Stimulating Community 
Needs to Have a Better Understanding 
of the Processes that Takes Place at the 
Electrode-Electrolyte Interface 

A better understanding will enable us to deter¬ 
mine which mechanisms are at play in tissue 
damage and electrode damage. This knowledge 
will enable us to engineer technology to safely 
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Neural Stimulation Electrodes and Sensors, 
Fig. 3 Evoked muscle force as a function of the delay 
between the primary, cathodic, and secondary, anodic, 
pulses of a biphasic stimulus. The dashed line represents 
the force recorded for a single cathodic stimulus pulse. 
The anodic phase is added to terminate the electrochem¬ 
istry driven by charge accumulated on the double layer 
during the cathodic phase. If the anodic phase is applied 


immediately after the termination of the cathodic phase, 
the activation of nerve fibers not super maximally 
depolarized will be quenched, and no propagated action 
potential will occur. For most applications, a delay of 
100 pS is deemed a reasonable period for the action 
potential to develop following a slightly depolarizing 
stimulus [16] 


push more charge through the electrode than we 
now can. This knowledge may also be of use in 
litigation. At this time, too many neural stimulat¬ 
ing devices must be operated at near the 
maximum safe limits before they begin to pro¬ 
duce the desired result, be it a therapeutic effect 
or an evoked sensory percept, so a looming need 
is to find ways to inject more charge safely. 

Future Directions 

The neurostimulating community needs know the 
reactants that are generated during neural stimu¬ 
lation. If the reactions are known and the impact 
the reaction products have on cells in and around 
electrodes, life could be easier. For instance, 
workarounds could be reasoned rather than 
guessed, fewer animal experiments would be 
required, and litigation costs could be reduced. 
Too many devices in human use must use the 
maximum allowable stimulus to begin to attain 
the desired therapeutic effect; we need to be able 
to inject safely more charge than is currently 
possible. Further, it would be desirable to be 
able to do the job with batteries that are 


physically smaller than those currently used and 
preferable to not have to use larger batteries to get 
the job done. I can think of several ways to 
accomplish this increase: 

1. Understand the charge transfer processes that 
do occur on the electrodes when current 
densities are applied in the range of neural 
stimulation applications. 

2. Understand the charge transfer processes that 
occur on electrodes operating in living 
systems, lower order animals, and higher 
order animals and how these processes differ 
from studies in highly controlled electrolytes, 
e.g., sulfuric acid and phosphate buffered 
saline. As indicated in this document, narrow 
pulses are more charge efficient than are wider 
pulses. Therefore, studies must include pulses 
in the 10 ps to several hundred microsecond 
ranges. 

3. Explore the imbalanced biphasic waveform, 
less anodic charge than cathodic, as a way to 
extend the excitation range. 

4. Explore materials that will allow charge injec¬ 
tions through reactions that are reversible 
within the time frame of the two phases of 
the stimulus pulse. 
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The cyclic voltammograms, when used in 
various electrolyte media, have been valuable 
tools to leam about potential reactions that 
might occur during neural stimulation in those 
media, but more information is needed to under¬ 
stand what actually occurs during the high current 
density, short pulse width, and conditions 
imposed during neural stimulation. 

What is the potential range for the generation 
of corrosion products of platinum in different 
electrolytes? What are these products and do 
they interfere with cell function? 

With stainless steel, we know that imbalanced 
biphasic stimulation of muscle cells is a safe way 
to avoid corrosion and more than triple charge 
injection limits imposed by balanced charge 
stimulation. There is no obvious reason to think 
imbalanced biphasic stimulation shouldn’t be 
safe with electrodes in the brain, cells are cells, 
and it appears that the corrosion products are the 
culprits, which occur during the anodic phase. If 
a reference electrode could be developed for 
implantable pulse generator , IPG, closed-loop 
control could be used to eliminate electrode 
potentials that push the metal into regions where 
metal loss occurs. 

The limits for the cathodic phase of an imbal¬ 
anced biphasic pulse are not known because the 
mechanism for tissue injury is not known for this 
paradigm. The dogma in the neurostimulating 
community is that water reduction must be 
avoided; it surely was not with the imbalanced 
biphasic pulses that were safely applied to 
muscle. 

Iridium oxide, belonging to a class of mate¬ 
rials called super capacitors or variable valence 
materials, is an electrode material that has drawn 
considerable interest in the neural stimulating 
community [17] because the large pseudo capac¬ 
itance, 100 times greater than that measured for 
platinum, based on slow cyclic voltammetry. The 
attractive feature of these materials is that the 
electron transfer processes are accommodated 
by valance changes within the oxide film, revers¬ 
ible reduction and oxidation between Ir +3 and 
Ir +4 , and movement of the counter ion in the 
hydrated oxide. This material, though used in 
research projects, is not yet used in commercially 


available devices. Though not a review article, 
Cogan [18] covers many of the findings for irid¬ 
ium oxide microelectrodes. 

Concluding Remarks 

The business end of a neural prosthetic device is 
the electrode, the metal-tissue interface, through 
which the device is to do a job, safely and effi¬ 
ciently. Understanding how these electrodes 
operate will provide insight into the mechanisms 
of tissue injury and ways to extend their charge 
injection capacities. 

The most charge efficient way to activate neu¬ 
ral tissues is to use the narrowest possible 
cathodic pulse followed by a delay of ~100 pS 
and then an anodic pulse. The function of the 
cathodic phase is to initiate a propagated action 
potential. The function of the delay phase is to 
avoid quenching the nascent action potential 
evoked in nerves driven to or slightly above 
threshold. The function of the anodic phase is to 
bring the interface potential back to the prepulse 
value. Bringing the electrode potential back to 
prepulse values (1) terminates reactions that can 
be driven by the potential across the electrode 
interface at the termination of the cathodic 
phase and (2) returns the interface potential to 
the prepulse value for the next succeeding stim¬ 
ulus pulse. 

Tunable electrodes will be the way of the 
future. Using electrodes with multiple contacts 
through which electric fields in the tissue 
space can be shaped will enable purveyors of 
neural prostheses to electronically adjust or 
improve the efficacy without physically moving 
the electrode relative to the target tissue. 
These techniques, field steering, will likely uti¬ 
lize both anodic and cathodic first pulse 
paradigms. 

The electrochemistry occurring on stimulating 
electrodes must be known much better than it is 
now. Cyclic voltammograms and classical ways 
of thinking of reactions do not tell the story for 
electrodes operating in the 1 A/cm 2 range for 
100 pS. Porous surfaces may look good with 
slow cyclic voltammetry, but ions in the 
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electrolyte may not move fast enough to utilize 
the full surface area. 

Finally, knowledge related to electrode 
operation must be digestible by engineers and 
scientist who are not trained or familiar with 
electrochemistry: the electrochemistry commu¬ 
nity must do a better job of communicating 
knowledge about how electrodes work in living 
systems. 
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Introduction 

Optimization of methodologies toward engineer¬ 
ing the life sciences and healthcare remains 
a grand challenge. In the field of neuro¬ 
technology, tremendous progress has been made 
in a fundamental understanding of the nervous 
system and in building technology to diagnose 
and treat some neurological diseases. However, 
our understanding of nervous system function 
and technological approaches to measuring and 
manipulating neuronal circuits needs to be 
improved. 

Neural prosthetic devices are artificial exten¬ 
sions of body parts which allow a disabled 
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Neurons, Coupling, Fig. 1 (a) Schematic of a neuron 
on an extracellular electrode: intracellular (upper orange 
electrode) and extracellular (lower yellow electrode) 


signals can be recorded (b) Action potential of neuron 
(approx. 100 mV) recorded by an intracellular electrode 
(upper trace) and an extracellular electrode (lower trace) 
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individual to restore the body functions. 
Here, a neuroelectronic device which interfaces 
neuronal tissue with electronics is the key to 
restore the disabled body functions. Also, in vivo 
monitoring of the electrical signals from multiple 
cells during nerve excitation and cell-to-cell 
communication are important for design and 
development of novel materials and methods 
for laboratory analysis. In vitro biological 
applications such as drug screening and cell 
separation also require cell-based biosensors. 
Nowadays, the best approach to study the 
electrophysiological activity of neurons and car¬ 
diac cells in vitro and in vivo is based on planar 
microelectrode arrays or field-effect transistors 
which can be integrated with microfluidic 
devices. These methods allow the simultaneous 
monitoring and stimulation of large populations 
of excitable cells over many days and weeks and 


enable insights into long-term effects such as 
adaptivity in neuronal networks. 

Basics 

Silicon-based micro structures are gaining more 
and more importance in fundamental neurosci¬ 
ence and biomedical research. Precise and long- 
lasting neuroelectronic hybrid systems are in the 
center of research and development in this field. 
The interaction of a neuronal cell with an elec¬ 
tronic device is schematically depicted in Fig. la. 
Sufficient electrical coupling between the cell 
and the (gate) electrode for extracellular signal 
recording is achieved only when a cell or a part of 
a cell is located directly on top of the (gate) 
electrode. Electrical signals recorded by these 
devices show lower signals and a higher noise 
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level (owing to a weaker coupling to the (gate) 
electrode) compared to intracellular electrodes or 
patch pipettes (see Fig. lb). 

For extracellular signal recordings from elec¬ 
trically active cells in culture, two main concepts 
have been developed in the past: microelectrode 
arrays (MEAs) (see Fig. 2a) with metalized con¬ 
tacts on silicon or glass substrates have been used 
to monitor cardiac impulse propagation from dis¬ 
sociated embryonic myocytes [1-3], dissociated 
invertebrate neurons [4, 5] and mammalian neu¬ 
rons [6] spinal cord [7], and mouse dorsal root 


ganglia [8]. Alternatively, arrays of field-effect 
transistors (FETs) (see Fig. 2b) are used for extra¬ 
cellular recordings having either non-metalized 
transistor gates with cells growing directly on 
the gate oxide [9-11] or metalized gates. 
The latter were in direct contact with the electro¬ 
lyte [12] or they were electrically insulated, 
so-called floating gates [13-15]. With these 
noninvasive methods, the electrical activity of 
single cells and networks of neurons can be 
observed over an extended period of time. 
Meanwhile both concepts are growing together 



Neurons, Coupling, Fig. 2 (a) Substrate-embedded isolation layer (green-blue) (b) Open-gate field-effect 
microelectrode: the metal electrode (red) is exposed to transistor for the recording of extracellular signals 
the electrolyte while the feed lines are covered with an 



Neurons, Coupling, Fig. 3 Schematics of the 
neuroelectronic hybrid. The cell membrane is divided 
into free (FM) and attached membrane (AM) with the 
respective values of membrane area (A FM , A JM ) and mem¬ 
brane capacitance (C FM , C jm ) and resistance (/? FM , R iM )- 
Cq and R g are the capacitance and the resistance of the 


(gate) electrode, respectively. The seal resistor Rj repre¬ 
sents the electrical properties of the cleft between the 
membrane and the sensor surface. In case of patch- 
clamp experiments, the intracellular voltage V M can be 
determined 
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by designing MEAs inside a CMOS process with 
on-chip amplification and filtering [16, 17]. 

Neuron-Electrode Coupling 

For a quantitative understanding of the extracel¬ 
lular signals recorded by electronic devices, it is 
necessary to explain the experimental situation in 
detail. A schematic picture of a typical experi¬ 
mental situation is depicted in Fig. 3. Here, the 
neuroelectronic hybrid is formed by the neuron, 
the cleft between neuron and the sensor surface, 
and the electronic device. Outside the neuron and 
inside the cleft, there is extracellular electrolyte 
solution. By electrical excitation, the ion chan¬ 
nels in the cell’s membrane open and ions can 
flow from across the cell membrane. While in the 
upper part of the cell (free membrane), these ions 
just enter the surrounding electrolyte bath 
directly; it is different at the attached membrane. 
Here, the ions have to pass the cleft before 
entering/leaving the bath. The cleft acts as 
a resistance typically called seal resistance Rj 
[10, 18]. The magnitude of Rj is typically in the 
order of several 100 kW up to MW corresponding 
to a typical cleft thickness of 40-150 nm [19, 20]. 
The voltage Vj, which determines the voltage 
at the (gate) electrode, is mainly determined by 
the seal resistance Rj , and the current the flows 
across it. 

Future Directions 

Although this noninvasive method of extracellu¬ 
lar recordings allows monitoring the electrical 
activity of single cells and networks of neurons 
over an extended period of time with good time 
resolution, it does not allow detecting subthresh¬ 
old signals of neuronal cells. In the last years, 
a number of research groups began to study the 
combination of planar (2D) electrodes with intra¬ 
cellular recordings. This includes the use of gold 
mushroom-shaped protrusions, nanopillar elec¬ 
trodes, and nanorods. These developments may 
improve our understanding of neuroscience in the 
future [21-23]. 
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Introduction 

A storage battery has supported a recent rapid 
expansion of the portable electronic device mar¬ 
ket and has been developed to the market where 
a further development has been expected such as 
eco-friendly cars market such as EV and HEV or 
the power supply market of an electricity accu¬ 
mulation system of a renewable energy such as 


sunlight and wind power. A nickel-cadmium 
secondary battery plays a role as a pioneer mak¬ 
ing the importance of the storage battery recog¬ 
nized in these fields and has been used in many 
fields still now. 

The nickel-cadmium secondary battery was 
invented in 1899 by Waldemar Jungner as a dura¬ 
ble storage battery which endures severe condi¬ 
tions of use such as overcharge/overdischarge/ 
long-term leaving to which a lead-acid storage 
battery has been unsuitable and has been used for 
a long time in various fields with the lead-acid 
storage battery, until a nickel-hydrogen battery 
and a lithium ion battery appeared in 1990s. 

History 

The nickel-cadmium secondary battery was 
invented in 1899 by Waldemar Jungner, and 
was sometimes referred to as a “Jungner battery.” 
The practically used “Jungner battery” is a vented 
type battery using pocket-type electrodes. Then, 
a sintered-type electrode which is excellent in 
high-rate discharge performance and low- 
temperature performance was invented, and the 
nickel-cadmium secondary battery has come to 
be used for many uses, such as aircraft starting, 
railroads, vehicles for industry, miner lamps, and 
emergency lighting. 

Then, A. B. Lange and others found how 
a cadmium electrode consumes the oxygen from 
a positive electrode during overcharging in 1938. 
Then, G. Neumann and others established the 
present sealing principle and basic structure of 
a sealed-type nickel-cadmium secondary battery 
in 1948. Then, the sealed-type nickel-cadmium 
secondary battery has come to rapidly spread 
mainly in the consumer electronic equipment 
market. 

In Japan, the Furukawa Battery Co., Ltd. 
industrialized a sintered-type vented nickel- 
cadmium battery for airplane starting in 1955. 
The Furukawa Battery Co., Ltd. started mass 
production of the vented-type nickel-cadmium 
secondary battery and a sealed nickel-cadmium 
secondary battery for industrial use in 1962 and 
developed the same to the fields, such as aircrafts, 
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railroads, backup power supply, and apparatus 
for emergency use. 

On the other hand, Sanyo Electric Co., Ltd. 
started mass production of a consumer sealed 
type nickel-cadmium secondary battery. Then, 
other companies produced a consumer sealed- 
type nickel-cadmium secondary battery com¬ 
mercially one after another. Then, the batteries 
have been used as the main power supply of 
portable electronic devices such as cordless 
power tools and toys, video cameras, and note¬ 
book PCs in 1980s, and the production amount 
has enlarged drastically. 

Although when a nickel-hydrogen battery and 
a lithium ion battery were produced commer¬ 
cially successively in 1990 and in 1991, respec¬ 
tively, the share of the portable electronic device 


market was taken by these batteries. However, 
the nickel-cadmium secondary battery is widely 
used currently in the fields, such as power tools, 
toys, aircrafts, railroads, backup power, and 
apparatus for emergency use. 

Principle 

The nickel-cadmium secondary battery contains 
NiOOH/nickel hydroxide as a positive active 
material, cadmium/cadmium hydroxide as 
a negative active material, and an aqueous solu¬ 
tion containing potassium hydroxide as the main 
component as an electrolyte. Generally the 
charge-and-discharge reaction is shown in the 
following formulas 1, 2 and 3. 


Positive active material: 

discharge 

NiOOH+H z O+ e“ < > Ni(OH) 2 +OH“ £ 0 =+0.52V 

charge 

Negative active material: 

discharge 

Cd+20H“ ► Cd(OH) 2 +2e- £ 0 =-0.80V 

charge 


Overall cell reaction 

discharge 

2Ni00H+Cd+2H 2 0 

charge 


2Ni(OH) 2 +Cd(OH) 2 

Electromotive force: 1.32V 


(1) 

(2) 

(3) 


The actual reaction mechanisms are more 
complicated and are considered that the charge- 
and-discharge reaction at a positive active mate¬ 
rial is a reaction accompanied by the diffusion in 
the solid phase of a proton, and reaction at 
a negative active material is a dissolution/deposit 
reaction accompanied by an intermediate product. 

Type 

The electrodes of the nickel-cadmium secondary 
battery are classified into pocket type, sintered 
type, and pasted type according to those 
manufacturing methods. Moreover, the batteries 


are classified into vented-type cell and sealed- 
type cell according to the existence of sealing 
structure. The batteries are classified into 
a prismatic cell, a cylindrical cell, and a button 
cell according to shape. 

Manufacturing Methods of Electrode 

Pocket type 
Sintered type 
Pasted type 
Cell type 
Vented-type cell 
Sealed-type cell 
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Shape 

Prismatic cell 
Cylindrical cell 
Button cell 

Pocket Type 

The pocket-type electrode is the electrode struc¬ 
ture used as the foundations of the “Jungner bat¬ 
tery” and is characterized by filling up active 
materials into a “pocket” formed with perforated 
iron sheets. As for the manufacture method of 
a pocket-type cell is as follows. 

The positive active material of a pocket-type 
electrode consists of nickel hydroxide powder by 
which cobalt hydroxide was coprecipitated, and 
is obtained from those mixed sulfate by 
a neutralizing method. Graphite powder is 
mixed as a conductor. The addition of cobalt is 
performed for increasing the capacity of the pos¬ 
itive active material. Cadmium hydroxide which 
is a negative active material is manufactured by 
a coprecipitation method or a dry-mixing 
method. Moreover, iron powder is usually 
mixed with negative active material of a pocket 
type electrode for the increase in capacity. Graph¬ 
ite powder and/or nickel flake is mixed as 
a conductor. 

These active material powders are molded by 
pressurizing to be formed into long and slender 
tabular briquettes. Then, these briquettes are 
wrapped in perforated iron sheets of a ribbon 
shape to form a pocket of a long and slender 
plate shape. A plate frame is welded to 
a substance obtained by engaging a plurality of 
the pockets to form a plate. There is a projecting 
lug in the upper part of the plate frame, and 
a large number of positive and negative elec¬ 
trodes are put together alternately, and then each 
pole is fixed with a bolt and a nut to the lugs of 
each pole plate group. There is no sheet-like 
separator between positive and negative elec¬ 
trodes, and pin-like resin is inserted between the 
positive and negative electrodes to prevent con¬ 
tact thereof. Thus, an element referred to as a pole 
plate group is completed. The electrode group 
activated in the formation process is inserted in 
a battery container, and the container is filled with 
an electrolyte. Usually, lithium hydroxide is 


added to an electrolyte for the increase in capac¬ 
ity. A prismatic container made of resin or iron is 
mainly used for the battery container. The usual 
pocket-type nickel-cadmium battery is a vented 
type and is provided with a lid having a vent for 
escaping gases generated from the electrode 
group during charge operation. This vent is pro¬ 
vided also with the role for filling a cell with 
water or electrolyte. 

The pocket electrodes have a strong structure 
and are excellent in durability and the 
manufacturing cost thereof is low, and therefore, 
the pocket electrodes have been used for miner 
lamps, railway vehicles, emergency backup 
power, etc. for a long time. 

However, the pocket-type nickel-cadmium 
battery has low energy density and low output 
performance, requires frequent water supply, and 
is difficult to seal, and therefore the production 
amount thereof has decreased. 

Sintered Type 

The sintered-type electrode was developed in 
Germany in 1932. This electrode is characterized 
by filling up active materials by an impregnation 
method into a porous sintered plaque in which 
carbonyl nickel powder having an average parti¬ 
cle diameter of several microns is sintered. 

The production method of the porous sintered 
plaque includes a dry method and a wet method. 
With respect to the dry method, carbonyl nickel 
powder is spread to a Ni wire grid with a sieve or 
the like, adjusted to a predetermined thickness, 
and then sintered at 800-1,000° [Celsius] in 
a reducible gas atmospheres, such as hydrogen 
gas or butane reformed gas. With respect to the 
wet method, carbonyl nickel powder, a binder 
such as CMC or MC, and water are mixed to 
prepare a slurry. The slurry is applied to 
a nickel-plated iron thin sheet (perforated sheet) 
which has an open area ratio of about 50 %, and 
the thickness is adjusted in a scratching portion. 
Then, after drying with a drying furnace, it is 
sintered at a temperature of 800-1,000° [Celsius] 
in a reducible gas atmosphere. The typical poros¬ 
ity of the porous sintered plaque is 80-87 %. 

The impregnation method is a method includ¬ 
ing impregnating the sintered plaque with a hot 
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impregnation liquid under normal pressure or 
decompression, neutralizing in a sodium hydrox¬ 
ide aqueous solution, and then filling up the 
inside of the porous sintered plaque with an 
active material. For a general impregnation liquid 
of a positive active material, an aqueous solution 
obtained by mixing nickel nitrate and a fixed 
quantity of cobalt nitrate is used. Then, 
a coprecipitated material of nickel hydroxide 
and cobalt hydroxide is obtained in 
a neutralization process. Usually, since 
a predetermined amount of an active material 
cannot be charged in one impregnation process, 
this process is repeated several times. This 
method is also referred to as a chemical impreg¬ 
nation method. 

Moreover, there is a method referred to as an 
electrochemical impregnation method for depos¬ 
iting hydroxide in the plaque by carrying out the 
cathodic polarization of the plaque in the impreg¬ 
nation liquid. The electrochemical impregnation 
method has a merit such that an active material 
can be charged with a high density by a small 
number of times of impregnation. However, since 
the composition of the impregnation liquid 
changes with progress of electrochemical 
impregnation and by-products also tend to be 
formed, the method is used only for the 
limited use. 

In the sintered electrode, a lug is formed at the 
end of the sheet to which the slurry is not applied 
or is attached by welding. Then, a large number 
of positive and negative electrodes are put 
together alternately inserting a separator. The 
pole is fixed to the lug with a bolt and a nut 
similarly as in the pocket type or is joined by 
resistance welding. Nylon or polypropylene 
cloth or nonwoven fabric is mainly used for 
a separator in the sintered-type nickel-cadmium 
secondary battery. Moreover, since the sintered- 
type plate is flexible compared with the pocket 
type, the sintered-type plate is able to be rolled in 
the shape of a bobbin combining positive elec¬ 
trodes, negative electrodes, and separators and 
can be stored in a cylindrical container. The 
cylindrical container is excellent in resistance to 
pressure and therefore is frequently used for the 
sealed-type nickel-cadmium secondary battery 


described later. The sintered-type electrode has 
high energy density, high-rate discharge charac¬ 
teristic, and high mass productionability by the 
wet sintering method. Therefore, currently, the 
sintered-type electrode is most widely produced 
in the nickel-cadmium secondary battery with 
the pasted-type electrode described later. 

Pasted Type 

The pasted-type electrode is developed in order 
to design a small and lightweight nickel- 
cadmium secondary battery. Main production 
methods of the pasted-type electrode include 
a method of applying to a nickel-coated steel 
sheet with perforations and a method of filling 
up a sponge-like nickel substrate. 

The former is used for a cadmium negative 
electrode and the latter is mainly used for a nickel 
positive electrode. 

A method for manufacturing a common 
pasted-type electrode for use in the cadmium 
negative electrode includes mixing a cadmium 
oxide activate material and PVA or the like with 
ethylene glycol to form a paste, applying the 
paste to a nickel-plated perforated iron sheet, 
and then drying the same to form a plate. The 
pasted-type electrode for use in the nickel posi¬ 
tive electrode is obtained by filling up a slurry 
obtained by mixing a nickel hydroxide positive 
electrode active material, a binder, and water to 
a sponge-like nickel substrate having a relatively 
large pore diameter of 100 to several 100 pm, and 
then drying and pressing the same. There is also 
a method using a nickel substrate formed with 
nickel fiber in addition to the sponge-like nickel 
substrate. The assembly method of the electrode 
group is substantially similar to that of the 
sintered type. 

Compared with the sintered-type electrode, 
the pasted-type electrode is able to achieve an 
increase in capacity of the electrode. Currently, 
the pasted-type electrode is used widely. 

Vented Type Cell 

In the completion or the end of charging, the 
storage battery containing an aqueous electrolyte 
causes electrolysis reaction of the water. Then 
oxygen generates from the positive electrode 
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and hydrogen generates from the negative 
electrode in accordance with the following 
formulas 4 and 5: 

The oxygen generating reaction in positive electrode: 

40H“ -► 2H 2 0+0 2 T + 4e“ 

( 4 ) 

The hydrogen generating reaction in negative electrode: 

2H 2 0+2e~ -► H 2 T+20H - 

( 5 ) 

The oxygen recombination reaction in negative electrode: 

2Cd+0 2 +2H 2 0 -► 2Cd(OH) 2 

( 6 ) 

0 2 +2H 2 0+4e~ -► 40H“ (7) 

Thus, it is necessary to have a vent valve for 
releasing the gas. Moreover, since alkaline mist 
splashes from the electrolyte in the battery with 
gas venting, the vent valve has a splash proof 
structure which prevents diffusion of mist. The 
nickel-cadmium secondary battery with such 
a structure is referred to as the vented-type cell. 

The vented-type battery needs to perform 
“water addition” in which water consumed by 
electrolysis is periodically added. However, in 
recent years, the vented-type nickel-cadmium 
secondary battery which has reduced the “water 
addition” frequency is produced commercially 
for trains and the like. The battery controls the 
electrolysis of the water under float charging by 
using the pasted-type cadmium electrode which 
has a high hydrogen overpotential characteristic 
for the negative electrode. 

A nickel-cadmium secondary battery with the 
type of the gas recombination by catalyst in 
which oxygen and hydrogen gas generated in 
the end of charging are made to react and return 
to water by providing a catalyst to the vent valve 
is used partly. 

The capacity range of the vented-type cell is 
broad from several Ah(s) to hundreds Ah(s), and 


a comparatively large cell occupies the 
mainstream. The shape of the vented-type cell is 
only prismatic. 

There is also a mono-block-type battery using 
mono-block container with some independent 
cell rooms divided with partitions. 

Sealed-Type Cell 

A.B. Lange and others discover and G. Neumann 
and others established the sealed battery princi¬ 
ples of the gas recombination on the negative 
electrode are as follows in general. 

It is configured so that oxygen gas is previ¬ 
ously generated from the positive electrode in the 
end of charging by adjusting the negative elec¬ 
trode capacity to an excessive degree rather than 
the positive electrode capacity (referred to as 
“charge reserve”). 

Oxygen generated from the positive electrode 
is easily diffused to the negative electrode by 
limiting the amount of the electrolyte and by 
using a separator with high gas permeability. 

Thus, it is necessary to have a vent valve 
for releasing the gas. Moreover, since 
alkaline mist splashes from the electrolyte in the 
battery with gas venting, the vent valve has 
a splash proof structure which prevents diffusion 
of mist. The nickel-cadmium secondary battery 
with such a structure is referred to as the vented- 
type cell. 

The vented-type battery needs to perform 
“water addition” in which water consumed by 
electrolysis is periodically added. However, in 
recent years, the vented-type nickel-cadmium 
secondary battery which has reduced the “water 
addition” frequency is produced commercially 
for trains and the like. The battery controls the 
electrolysis of the water under float charging by 
using the pasted-type cadmium electrode which 
has a high hydrogen overpotential characteristic 
for the negative electrode. 

A nickel-cadmium secondary battery with the 
type of the gas recombination by catalyst in 
which oxygen and hydrogen gas generated 
in the end of charging are made to react and return 
to water by providing a catalyst to the vent valve 
is used partly. 
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The capacity range of the vented-type cell is 
broad from several Ah(s) to hundreds Ah(s), and 
a comparatively large cell occupies the 
mainstream. The shape of the vented-type cell is 
only prismatic. 

There is also a mono-block-type battery using 
mono-block container with some independent 
cell rooms divided with partitions. 

An oxygen gas recombination reaction occurs 
on the negative electrode. 

This oxygen gas recombination reaction is 
considered that two kinds of reactions occur as 
follows. 

Since the charging of the negative electrode is 
limited in both the cases, the negative electrode 
does not result in a full charge state, so that 
hydrogen gas does not generate. Moreover, 
since the charge-discharge performance of the 
negative electrode is inferior to that of the posi¬ 
tive electrode, a part of the negative electrode is 
beforehand charged (referred to as “pre-charge”). 
By performing “charge reserve” and “pre¬ 
charge,” the charge-and-discharge process of 
the sealed-type cell is always regulated by the 
positive capacity. The capacity range of the 
sealed type battery is from several mAh(s) to 
tens Ah(s), and a small cell occupies the main¬ 
stream. The sealed-type cell has high flexibility 
of shape, such as a square cell, a cylindrical cell, 
and a button cell. 

This sealed-type nickel-cadmium secondary 
battery is easy to downsize, is excellent in 
discharging characteristic, and requires no main¬ 
tenance at all. Therefore, the sealed-type nickel- 
cadmium secondary battery has spread as the 
main power supply of portable electronic 
devices, such as cordless power tools, toys, 
video cameras, and notebook PCs, and has 
supported the development thereof. 

Future Directions 

Although the market of the nickel-cadmium 
battery is decreasing gradually with a rapid 
development of a lithium ion battery in recent 
years, the nickel-cadmium battery is still used 


due to high reliability and achievements thereof 
for many uses. Moreover, the history of the 
nickel-cadmium battery is also the history of 
the development of a high-performance 
electrode. Various knowledge that many ancient 
people had is kept alive for a development of 
a next-generation high-performance battery. 


1. Uno Falk S, Salkind AJ (1969) Alkaline storage 
batteries. Wiley, New York 

2. Kubokawa S, Ikari S, Ikeda K, Tagawa H, Shimizu K, 
Takagaki T, Takahashi H, Takehara Z (1975) Denchi 
handbook (Ed. Z. Takehara). Denki-syoin, Tokyo, 
Chap. 3. [in Japanese] 

3. Awajitani T, Kaiya H (2001) Denchi Binran (Ed. Y. 
Matsuda, Z. Takehara). Maruzen, Tokyo, Chap. 3.4. 
[in Japanese] 


Nickel/metal hydride (Ni/MH) battery is 
a secondary battery using hydrogen storage 
alloy for the negative electrode, Ni(OH) 2 for the 
positive electrode, and alkaline solution for the 
electrolyte. Polypropylene nonwoven fabric is 
usually selected for the separator. The theoretical 
voltage is about 1.32 V, and the operating voltage 
is about 1.2 V which is almost the same as that of 
Ni/Cd battery [1]. The Ni/MH battery has been 
put to practical use for portable electric 
equipments in 1990 and for HEV (hybrid electric 
vehicle) in 1997 [2, 3]. 
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Reaction Mechanism 

The electrode reaction and battery reaction are 
shown in formulas (1), (2), and (3), 
at the positive electrode 

NiOOH + H 2 0 + e“ ^2 Ni(OH) 2 + OH" (1) 
at the negative electrode 

MH + OH" + H 2 0 + e“ (2) 
total battery reaction 

MH + NiOOH + Ni(OH) 2 (3) 

M: hydrogen storage alloy 

The reaction at the positive electrode is the 
same as that in Ni/Cd battery. At the negative 
electrode, hydrogen is absorbed in the alloy 
during the charge reaction, and the absorbed 
hydrogen is released and electrochemically 
consumed on the surface of the alloy during 
discharge. The battery reaction is relatively 
simple in that it basically involves hydrogen 
transportation between the positive and nega¬ 
tive electrode. 

During overcharge, oxygen is generated at the 
positive electrode as expressed formula (4). 
When the capacity of the negative electrode is 
sufficiently high, oxygen is absorbed by the 
negative electrode as shown in formula (5). This 
absorption reaction falls into equilibrium with the 
charging reaction as shown in formula (6), and 
so the state of charge of the negative electrode 


is kept: 

at the positive electrode 



OH“ -> 1 /40 2 + 1 /2H 2 0 + e" 

(4) 

at the negative electrode 



MH + 1 /40 2 -► 

M + 1 /2H 2 0 

(5) 

M -T H 2 0 -be - 

-> MH + OH - 

(6) 


Components 

Positive Electrode 

The sintered type and the pasted type are in 
popular in a positive electrode. 

The sintered-type electrode is formed by filling 
of the nickel hydroxide active material into the 
sintered nickel porous layer on the punched steel 
metal. The pasted-type electrode is formed by 
filling of the nickel hydroxide active material 
into the formed nickel substrate with very high 
porosity. In the sintering layer of the sintered- 
type electrode, the pore size is around 10 pm and 
the porosity is approximately 75 %. On the con¬ 
trary, in the formed nickel substrate of the pasted- 
type electrode, the pore size is around 500 pm and 
the porosity is approximately 95 %. Therefore, the 
sintered-type electrode is suitable for a high power 
use, and the pasted-type electrode is used for 
a high capacity battery [4] . 

Nickel hydroxide active material is provided 
by reacting nickel sulfate solution and an alkaline 
solution. A part of nickel of nickel hydroxide is 
substituted for Zn and Co for the improvement of 
the battery performance. The theory capacity of 
nickel hydroxide is 289 mAh/g by supposing 
one electron reaction. The utilization of nickel 
hydroxide of a sintered-type electrode is 
approximately 100 %, but that of a pasted-type 
electrode without a conductive additive is around 
65 %. The improvement of the utilization 
is enabled by forming CoOOH conductive 
networks between nickel hydroxide particles. 
The cobalt compound (Co, CoO, Co(OH) 2 ) is 
filled into the formed nickel substrate with nickel 
hydroxide as an additive. The Co compounds 
form a conductive network as CoOOH by 
charging. To improve the conductivity of the 
cobalt conductive layer, Co(OH) 2 layer coating 
to the surface of nickel hydroxide particles and 
the oxidation treatment in an alkaline solution of 
this coated powder are suggested. 

Negative Electrode 

In the Ni/MH battery, hydrogen storage alloy, 
which contains no poison and is environment 
friendly compared with conventional Ni/Cd 
battery, is utilized as the negative electrode. 
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The negative electrode is obtained by coating the 
hydrogen storage alloy paste on the punched steel 
metal. The paste consists of the mixture of the 
hydrogen storage alloy powder, the conductive 
additives, and the binder. 

Hydrogen storage alloy is able to store more 
than 1,000 times quantity of hydrogen compared 
with the liquid hydrogen. For application of 
hydrogen storage alloy to Ni/MH battery, the 
following conditions are required: 

1. Electrochemically reversible absorption and 
desorption of hydrogen in large quantities 

2. Minimal deterioration during repeated 
hydrogen absorption and desorption (superior 
in oxidation resistance) 

3. Chemical stability over a wide humidity range 

4. Easy to handle and of high safety 

5. High environmental conformity 

6. Abundance of resources and relatively 
inexpensive. 

AB type (TiFe), AB 2 type (ZrMn 2 ,ZrV 2 ,ZrNi 2 ), 
AB 5 -type (CaNi 5 ,LaNi 5 ,MmNi 5 ), A 2 B type 
(Mg 2 Ni,Mg 2 Cu), bcc type (V based), and 
superlattice type (mixture of AB 5 type and AB 2 
type) have been studied, but with consideration of 
the abovementioned condition (1), (2), (3), (4), (5), 
and (6), only the AB 5 -type alloy and the 
superlattice-type alloy have been put to 
practical use. 

The alloy composition suitable for a negative 
electrode with high capacity is selected from the 
pressure-composition isotherms (PCT curves) 
which are obtained from the absorption and 
desorption reactions of the alloy with hydrogen. 
The AB 5 -type alloys which are most often adopted 
for battery consist of LaNi 5 or MmNi 5 in which La 
is displaced by inexpensive Mm (mischmetal, a 
mixture of rare earth elements). MmNi 5 alloy is 
promising for the low costs, but with a high 
hydrogen equilibrium pressure, charging and 
discharging are difficult under room temperature 
and nominal pressure. For achieving a high capac¬ 
ity alloy, substituting a part of Ni in a MmNi 5 alloy 
with other metal elements is attempted. In addi¬ 
tion, thermal treatment is applied for homogeniz¬ 
ing composition and enhancing crystallinity to 
flatten the plateau part of the PCT curve, thereby 
achieving a high capacity. 


The cycle life of the Ni/MH battery strongly 
depends on the characteristics of the negative 
electrode. Hydrogen storage alloy is pulverized 
and corroded during charge-discharge cycles in 
an alkaline solution. The pulverization properties 
of alloy can be controlled by substitution a part 
of Ni with Co [5]. In the Ni/MH battery with 
AB 5 -type alloy, there is the problem of 
the long-term storage performance caused by 
the dissolution of Co and/or Mn which are the 
constituent element of the alloy. This problem is 
solved by adopting the rare earth-Mg-Ni 
type superlattice alloy which does not include 
Co and Mn in a constituent element. This 
alloy has a structure that AB 5 -type structure and 
AB 2 -type structure arranged regularly [6]. 


Separator 

The nonwoven polyolefin fabric is used. The 
thickness of the separator is 100-200 pm, and 
the basis weight of the fiber is 50-80 g/m 2 . The 
hydrophilicity is provided to the fiber surface of 
the separator with the sulfonation treatment, 
plasma treatment or acrylic acid graft 
polymerization treatment. 


Application 

The Ni/MH battery has been put to practical use 
for the power supply for the camcorder and the 
cellular phone in 1990. 

After practical use, the energy density of the 
battery is doubled from 180 to 350 Wh/L by the 
development of the various technologies such as 
active material composition, surface treatment, 
and additives. This battery has been put to 
practical use for the power supply for the power 
tool by the improvement of the high output 
performance. The A A size and AAA size 
batteries that are compatible with a dry cell 
have been also put to practical use. This 
battery system has been put to practical use 
for HEV (hybrid electric vehicle) by the estab¬ 
lishment of the battery management technology 
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and the improvement of the battery performance 
(the input/output performance and the durability) 
in 1997. 


Future Directions 

The energy density of the Ni/MH battery is 
smaller than that of the Lithium ion battery. 
But the Ni/MH battery is superior in the general 
performance balance such as input power 
density, output power density, cycle life, safety, 
reliability, recyclability, the cost. This superior 
general performance balance will bring up the 
market of the Ni/MH battery as the power supply 
for HEV and compatible with a dry cell in future. 

The improvement of the hydrogen storage alloy 
is important to the performance enhancement of 
the Ni/MH battery. The detailed analysis and 
improvement of the chemical formula, structure 
and surface state of the hydrogen storage alloy 
shall lead the Ni/MH battery to the performance 
enhancement. In addition, the surface treatment 
technology, the other device and the battery 
management technology should be improved for 
the maximization of the battery performance. 

Cross-References 

► Ni-Cadmium Batteries 
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Introduction 

A wide variety of metal oxides are investigated 
as electrode materials for electrochemical 
capacitors (super capacitors, ultracapacitors). 
Ruthenium oxide and iridium oxide are fre¬ 
quently used due to its high charging-discharging 
capacities. However, ruthenium and iridium 
are high cost and limited resources on the earth. 
Thus wide varieties of transition metals are stud¬ 
ied as the electrode materials to alternate precious 
metals. Nickel oxide is one of the promising 
materials for high-performance electrode 
materials for electrochemical capacitors due to 
its low cost, high reservation on the earth, and 
low toxicity for environment. 

Mechanisms 

Nickel hydroxide exists in four different forms: 
oc-Ni(OH) 2 , P-Ni(OH) 2 , P-NiOOH, and 
y-NiOOH. P-Ni(OH) 2 and P-NiOOH are known 
as stable forms. The electrochemical reaction of 
NiO, Ni(OH) 2 and NiOOH is described as below: 

Ni(OH) 2 + OH - <-► NiOOH + H 2 0 + e“ (1) 

NiO + OH“ <-► NiOOH + e“ (2) 


Preparation of Nickel Oxide Electrodes 

To prepare nickel oxide electrodes, nickel 
hydroxide precursors are frequently used, and 
nickel hydroxides are thermally oxidized to 
nickel oxide (Fig. 1). Industrially produced nickel 
hydroxide active materials are mainly used as 
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Nickel Oxide Electrodes, 
Fig- T Schematic images 
of the NiO electrode 
preparation 


Neutralization method 





Chemical bath deposition 




Ni(NHJb** i 



positive electrode for nickel-metal hydride 
secondary battery, and they are produced by 
using coprecipitation methods. Neutralization 
method is one of the most basic coprecipitation 
methods to prepare nickel hydroxide. The general 
neutralization method is described as follow: put¬ 
ting nickel sulfate solution by drops into alkali 
solution such as NaOH solution to neutralize and 
precipitate nickel hydroxide. After dried nickel 
hydroxide, it was washed with hot water to 
remove nickel sulfate and dried less than 150 °C 
to obtain nickel hydroxide powder. 

Liu et al. applied sol-gel method to prepare 
nickel oxide active materials for electrochemical 
capacitors [1]. They dried nickel acetate 
tetrahydrate at 100 °C and stirred it in water for 
2 days. The precipitants were separated by 
centrifugation and put it into water to get pale- 
green sol. Dipping coated the sol on nickel sheets 
and annealed in air at 300 °C for 1 h. The diam¬ 
eters of resultant nickel oxide were 3 ~ 8 nm and 
pore sizes were 2^3 nm. The electrochemical 
capacitors using resultant nickel oxide indicated 
50 ~ 64 F g -1 capacitance with 1 M KOH 
aqueous solution. 

Inoue et al. applied chemical bath deposition 
(CBD) method to prepare nickel oxide 
electrodes [2]. 


Ammonia water was put into nickel sulfate 
aqueous solution at 30 °C. Then potassium 
persulfate aqueous solution was added into the 
solution, followed by stirring for 3 min. The 
resultant solution is named a CBD bath. A Ni 
foam as a substrate was soaked in CBD bath. 
Then the nickel hydroxide was deposited on Ni 
foam and annealed in air at 400 °C. The diameter 
of resultant nickel oxide particle was ca. 5 pm 
and flowerlike form. The electrochemical 
capacitors using resultant nickel oxide indicated 
ca. 80 F g _1 capacitance with 10 M KOH aqueous 
solution. 

Future Perspective 

Several types of NiO or Ni(OH) 2 electrode such as 
flowerlike [3], mesoporous [4], nanotubes [5], and 
nanorod [6] were investigated as active materials 
for electrochemical capacitors. These Ni oxide 
electrodes are combined with carbon negative 
electrodes to construct the hybrid capacitors with 
high capacity and power density [2]. However, 
there still remaining serious problems with life 
cycle, reducibility, long-term stability, etc. It 
would need some more innovation for the practical 
use of these high-performance electrode materials. 
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Introduction 

Nitrogen oxides in the atmosphere participate in 
environmentally challenging processes such as 
the greenhouse effect, acid rain, and photochem¬ 
ical smog. Their chemical reduction involves the 
use of a reducing agent whose storage and 
leakage (or slip) may be problematic [1]. 
A plausible alternative involves their 


electrochemical treatment, although this necessi¬ 
tates that the gases be dissolved in aqueous solu¬ 
tion, which may not be a straightforward task. In 
addition, complex chemical equilibria exist 
among the different nitrogen oxides (see Fig. 1), 
derived in part from the varied oxidation states of 
nitrogen (i.e., from—3 to +5) [2-4]. 

Specific aspects of their electrochemistry and 
electrochemical reduction aimed at their removal 
are discussed next. 

Nitrogen (I) Oxide 

Also called nitrous oxide, dinitrogen monoxide, 
sweet air or laughing gas, N 2 0 is the most stable 
nitrogen oxide which - coupled with its IR 
absorption properties - makes its participation 
inevitable in the greenhouse effect. It can be 
electroreduced in alkaline and acidic media. 
Current efficiencies up to 100 % have been 
reported. Pd and macrocyclic amine complexes 
catalyze this electroreduction to N 2 ( g ) [2, 5]. 
The presence of N 2 0 can be used to advantage 
by forming an N 2 0-H 2 fuel cell [5]. 

Nitrogen (II) Oxide 

Also called nitric oxide, nitrogen monoxide or 
oxidonitrogen, NO is a colorless, relatively 
unreactive radical that is essentially insoluble in 
aqueous solution. Simple absorption in alkaline 
solutions is not effective, since it is only 
physically absorbed [3, 4, 6]. Absorption in nitric 
acid decreases with acid concentration [4], and 
oxidation with ozone to produce acidic N0 2 
facilitates its absorption in alkaline media [6]. 
Absorption of NO with simultaneous oxidation 
at a gas diffusion electrode in alkaline 
solution eliminates the need for an oxidizing 
agent [6]: 

NO + OH" = N0 2 " + H+ + e“ (1) 

Aqueous absorption of NO is also facilitated 
by aminopolycarboxylate chelates of Fe(II) and 
Co(II) [7-10]. The resulting compounds can 
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Nitrogen Oxides (NOx) 
Removal, Fig. 1 Nitrogen 
oxides chemical equilibria 
(Adapted from [2]) 



then be chemically or electrochemically reduced 
to yield hydroxylamine, hydrazine or ammonia, 
regenerating the chelate. Removal of NO from 
flue gases is facilitated by its preferential adsorp¬ 
tion on noble metal catalysts. This allows for 
its reduction to occur at high yields even in 
dilute gas streams and in the presence of other 
competitive species (e.g., 0 2 , S0 2 ) [11]. 
In addition, by adjusting the electrode potential 
to place the valence electrons of the electrode at 
an energy level between that of the antibonding 
orbitals of NO and 0 2 , the competitive 0 2 reduc¬ 
tion can be inhibited [1]. Although electronically 
similar to CO, NO has an unpaired electron and 
a 2tt* orbital of lower energy that make it 
substantially more reactive towards oxidation 
and reduction [12]. 

The reduction of NO to produce ammonia, N 2 0 
and hydroxylamine is thermodynamically allowed 
(see Table 1) and electrochemically viable [13,14]. 
On this basis, an electrogenerative process has 
been proposed whereby NO reacts in a cell with 
protons and electrons at one electrode and H 2 at the 
other electrode to generate current [11]. Note that 
this configuration resembles that of a fuel cell 
(although the reactions are not necessarily the 
same), and the corresponding technology can be 
borrowed from that field. Electrogenerative pro¬ 
cesses can be defined as those in which favorable 
thermodynamic and kinetic factors are utilized for 
the production of coupled electrode reactions that 
take place in separate compartments in an 


Nitrogen Oxides (NOx) Removal, Table 1 Reduction 
of NO to environmentally friendlier products [2] 

2NO + 2H+_+ 2e" N 2 0 + H 2 0 

2NO + 4H + + 4e“ -> N 2 + 2H 2 0 
2NO + 6H+ + 6e“ -> 2NH 2 OH 
2NO + 10H+ + 10e“ -»• 2NH 3 + 2H 2 0 


electrochemical cell with simultaneous generation 
of electricity [11, 15-19]. 

Nitrogen (IV) Oxide 

Also called nitrogen dioxide or dioxidonitrogen, 
N0 2 is a brownish acidic radical whose 
electrochemistry follows essentially that of NO, 
as they have a common electroactive precursor, 
namely NO + [20]. 

Complex Nitrogen Oxides 

The complex nitrogen oxides N 2 0 4 and N 2 0 3 
undergo chemical absorption in aqueous 
solutions more easily than NO and N0 2 , forming 
nitrogenated species susceptible to reduction [3]. 

Other General Treatments for NO x 

The electroreduction of NO x in industrial waste 
gas streams can simultaneously lead to useful 
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Nitrogen Oxides (NOx) 
Removal, Fig. 2 

NOx reduction (Adapted 
from [2]) 
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and/or inert compounds, as shown in Fig. 2 [8, 11 , 
15-18, 21, 22]. A major fraction of the current 
at low potentials may result in formation of 
ammonia and hydroxylamine [15-17]. Ammonia 
formation is strongly favored in N 2 diluent 
alone, whereas a trend towards hydroxylamine 
formation has been observed in the presence of 
CO or S0 2 [15-17]. A simultaneous desulfuriza- 
tion/denoxing process (called the Saarberg- 
Holter-Lurgi, SHL process) is based on this 
principle [7]. Mixed ionic-electronic conducting 
catalytic membranes allow the reduction of NO x 
by acting as short circuited devices, where the 
electrons reduce the oxides while the oxide ions 
thus produced move towards a low pressure end, 
completing the process [1, 2]. The catalytic 
activity and selectivity of porous metal films 
deposited on solid electrolytes for the reduction 
of NO x with H 2 or CO can be substantially pro¬ 
moted by the application of an external potential 
or current [14, 23, 24]. This non-faradaic electro¬ 
chemical modification of catalytic activity 
(NEMC A) is envisaged as a plausible technology 
in the near future [25]. 

Future Directions 

Optimization of the conductivity of solid oxide 
ion conducting electrolytes is essential to lower 
the temperatures required for the reduction of 


NO x [1]. In addition, the development of more 
selective layers can potentially increase the 
efficiency of electroreduction devices by 
avoiding the undesired reduction of 0 2 [26-28]. 
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Definition and Main Properties 

Nonaqueous electrolyte solutions are ion conduc¬ 
tors comprising a solvent or blends of solvents and 
a dissolved salt or several dissolved salts. They 
may also contain several additives, i.e., materials 
that improve a wanted property. Due to the huge 
number of possible solvents, salts, and additives, 
nonaqueous electrolyte solutions cover large 
ranges of selectable properties [1]. To give two 
examples, in comparison to aqueous electrolyte 
solutions, nonaqueous electrolyte solutions offer 
wider liquid ranges (down to —150 °C and up to 
about 300 °C) [2] and an appreciably larger volt¬ 
age window, also called electro-inactivity range 
(up to about >4 V vs. about 1.2 V for aqueous 
systems). Both the large liquid range and the large 
voltage window not only extend the range of 
accessible investigations of dissolved materials in 
fundamental research but offer also applications 
for processes and in devices that would not be 
possible with electrolyte aqueous solutions [1]. 
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Properties of nonaqueous electrolyte solutions 
have been widely studied in fundamental 
research due to the possibility to vary parameters 
such as the viscosity and dielectric permittivity of 
the solvent. The result of these studies mainly 
conducted in the last century was a better knowl¬ 
edge of spectroscopic and transport properties as 
well as the thermodynamics of electrolyte solu¬ 
tions [3-17]. The observed behavior was 
interpreted in terms of structure formation in 
solutions including solvation of ions, ion pair 
formation, formation of triple ions and clusters 
caused by the underlying interactions, the ion/ 
solvent molecule interaction and the ion/ion 
interaction [2, 5, 6, 9, 14, 18-21]. 

In applied research the possibility to tailor the 
properties of the solutions have initiated many 
applications including processes such as [1, 2, 
14, 15]: 

• Electroplating of materials that cannot be 
electroplated from aqueous solutions because 
hydrogen formation would occur instead, 
including elements such as Al, Si, Ti, and 
Dy [22] 

• Electrodeposition of nonconducting materials 

• Electrosynthesis of organic and inorganic 
materials 

• Deposition of conducting polymers 

• Electromachining of metals and alloys. 
Nonaqueous electrolyte solutions are also 

applied in each device that could not work with¬ 
out the large voltage window of these materials, 
including [23-29, 35-39]: 

• Primary lithium cells 

• Secondary lithium ion cells and batteries 

• Dye sensitized solar cells 

• Electrochemical double-layer capacitors. 

The last three fields of application are cur¬ 
rently under heavy research, development, and 
marketing worldwide. This statement is espe¬ 
cially stressed for secondary lithium-ion cells 
and batteries that currently are booming. After 
their successful and increasing use in mobile 
equipments such as mobile phones, tablet com¬ 
puters, and laptops as well as in electric tools, 
lithium-ion batteries for battery-electric or 
hybrid-electric vehicles are beginning to reach 


the market in large numbers. Electrochemical 
double-layer capacitors may be useful in addition 
to lithium-ion batteries when very many cycles at 
high power densities are requested. Finally, solar 
cells and also in the future dye sensitized solar 
cells may be used to produce the electric energy 
for electric cars that are used for short distances 
(home to work and back). Finally, secondary 
lithium-ion batteries of cars can be used to buffer 
the unsteady delivery of electrical energy from 
so-called renewable resources. 

Solvents 

Solvents can be classified according to their 
properties, including physical properties such as 
dielectric permittivity, viscosity, and liquid 
range; chemical properties of the solvent includ¬ 
ing functional groups of solvent molecules; and 
physical properties of isolated solvent molecules, 
such as dipole moment and polarizability and last 
but not least empirical solvent parameters [1,2]. 
Empirical solvent parameters can be obtained by 
measuring the interaction of the studied solvent 
molecule with other molecules. For example, 
Gutmann’s donor number (DN) obtained by reac¬ 
tion enthalpy measurements of dissolved solvent 
molecules with the Lewis acid SbCl 5 is an excel¬ 
lent measure of the Lewis basicity of a solvent 
and hence its ability to solvate cations. The 
acceptor number (AN) scale reflects the Lewis 
acidity of the solvent and is measured by 31 P 
NMR chemical shift measurements of the strong 
base triethylphosphine oxide reflecting the ability 
of a solvent molecule to solvate anions. 
Other important empirical parameters include 
solvatochromic parameters including Kamlet 
and Taft’s a-, (3-, and n scales that are related 
to the ability to accept or donate hydrogen bonds 
and to the polarity and polarizability of a solvent. 
Dimroth and Reichardt’s E x (30) scale is a useful 
measure for the polarity (ionizing power) of 
a solvent as well. These solvatochromic parame¬ 
ters are spectroscopically determined by measur¬ 
ing the interaction of a solvent molecule with 
a selected dye. For details and references to orig¬ 
inal papers, see [1,2, 18]. Based on those afore¬ 
mentioned criteria and solvent classes proposed 
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by other workers, we [1] proposed to classify 
solvents according to eight classes, including: 

1. Amphiprotic hydroxylic solvents, typical 
examples are the alcohols 

2. Amphiprotic protogenic solvents, e.g., car¬ 
boxylic acids 

3. Protophilic H-bond donor solvents, e.g., amines 

4. Dipolar aprotic protophilic solvents, e.g., 
pyridine 

5. Dipolar aprotic protophobic solvents, e.g. esters 

6. Low-permittivity electron donor solvents, e.g. 
ethers 

7. Low polarity solvents of high polarizability, 
e.g. benzene 

8. Inert solvents, e.g. alkanes and perfluoroalkanes. 
For tables of solvents of these classes includ¬ 
ing physical properties (melting point, boiling 
point, dielectric permittivity, viscosity, density, 
dipole moment, and the mentioned empirical sol¬ 
vent parameters), see Ref. [1]. These and similar 
tables can also be found in Refs. [8, 14, 15, 18]. 
Suffice it to state here that selected solvents and 
solvent blends of classes 5 and 6 are often used in 
practical applications due to their superior elec¬ 
trochemical stability. 

Salts 

Generally, in nearly every publication devoted 
primarily to electrolyte solutions apart from sol¬ 
vents, the role of ions is taken into account as 
well, especially when solvent molecule-ion 
interaction (solvation) is considered. Marcus has 
published a review book [19] including several 
aspects of electrolyte solutions seen from the 
ion’s side including topics such as ionic radii, 
partial molar quantities, ionic volumes, polariz¬ 
ability, and ionic transport. In contrast to the last 
century, where mainly salts consisting of atomic 
ions have been studied currently, molecular 
organic ions are gaining increasing interest. This 
statement is especially true for ionic liquids and 
their solutions in organic solvents consisting of 
both molecular organic cations and anions. It 
holds also for large molecular anions bearing 
many electron-withdrawing substituents, i.e., the 
so-called weakly coordinating anions that show 
apart from fascinating properties also many 


possible applications [23]. Some of the 
corresponding acids of these anions are very 
strong acids and may even reach the state of 
superacids. Whereas the role of specific ion 
effects is a mature field of research for aqueous 
solutions [30], it has rarely been studied for 
nonaqueous solutions. Another field of current 
interest is the supermolecular chemistry of anions 
[20] that focuses on anionic coordination chem¬ 
istry and theoretical and practical aspects of 
anion complexation. An example from electro¬ 
lyte research for lithium-ion cells may be appro¬ 
priate here. It is well known that LiF is scarcely 
soluble in any solvent. However, it is possible to 
obtain highly conducting LiF solutions in 
nonaqueous solvents by means of anion receptors 
based on boron, such as tris(pentafluorophenyl) 
borane [31, 32], increasing the solubility of the 
nearly insoluble salt LiF by six orders of magni¬ 
tude up to 1 moFL -1 solutions. 

Additives 

Generally, every application of nonaqueous electro¬ 
lyte solutions needs its specific additives to prevent 
problems in the intended application or to increase 
the shelf life of a device or a process. For example, 
in lithium-ion batteries there are several critical 
processes that decide on its shelf life. According 
to their role the following additives are used to 
reach this requirement: solid electrolyte interphase 
forming improvers, cathode protecting agents, 
overcharge protecting agents, wetting agents, 
flame retardant agents, and Al-current-collector 
corrosion inhibitors. For recent reviews see [33,34]. 

Future Directions 

The future of this research field is extremely 
bright. The meaning of the title of a review writ¬ 
ten nearly 20 years ago still holds: Solution chem¬ 
istry: A cutting edge in modern electrochemical 
technology [1]. Driven by the economic interest 
research efforts will continue and will be 
expanded. Despite the fact that electrolyte 
solutions are under investigation since more 
than 100 years, several interesting topics related 
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to fundamental research are not yet understood. 
To give an example, up to now we are waiting for 
a useful theory that is able to calculate transport 
properties of nonaqueous electrolyte solutions 
starting from quantum-mechanical levels. Also 
the role of ion pairs and higher clusters is not 
completely understood and invites workers for 
further research. To give an example, charge 
transport in electrolytes of low dielectric permit¬ 
tivity (including solid polymer electrolytes and 
gels) in lithium-ion cells may be based on trans¬ 
port of ion pairs instead of lithium-ion transport. 
A combined research program including spectro¬ 
scopic (such as dielectric permittivity studies and 
infrared spectroscopy studies) and electrochemi¬ 
cal studies is needed to resolve these open ques¬ 
tions. A final cautionary statement is stressed 
here again: Many workers that are not familiar 
with nonaqueous systems are not aware of the 
fact that water affects the results of measure¬ 
ments directly (e.g., by hydrolysis of constituents 
of the solutions) and indirectly by changing the 
coupled equilibria governing the properties of 
electrolyte solutions, especially when the con¬ 
centrations of the salts are low. We observed 
changes of > 100 % for 0.1 % water content 
and repeated a diffusion measurement at thin 
layer cells (~30 pm thickness) without protecting 
inert atmosphere and received doubled diffusion 
coefficients despite rather short times where the 
non-dried cells were in contact with the atmo¬ 
sphere. To sum up, working with nonaqueous 
electrolyte solutions means strictly controlling 
the water content be Karl-Fischer titration or 
other useful methods and working under con¬ 
trolled pure inert gas. 


Cross-References 

► Conductivity of Electrolytes 

► Electrolytes for Electrochemical Double Layer 
Capacitors 
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► Ion Mobilities 
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Introduction 

One of the useful applications of a solid electro¬ 
lyte is a convertor from chemical energy to elec¬ 
tricity (fuel cell) or from chemicals to another 
useful compound (ceramic reactor). In particular, 
application of solid electrolyte for so-called elec¬ 
trochemical ceramic reactor is highly attracting 
because of a selective conversion achieved. In the 
ceramic reactor, ion species are supplied through 
electrolyte to the electrode catalyst electrochem- 
ically, and so, conversion of reactant to the objec¬ 
tive products is performed by using the 
permeated ion species as a reactant. Therefore, 
the formation rate of reaction products is gener¬ 
ally the same or of lower amount than that of 
pumped ion species. Namely, formation rate of 
products should obey the Faraday’s law. How¬ 
ever, in 1981, interesting phenomena were first 
reported by Vayenas et al. in the high- 
temperature electrochemical reactor, and they 
found that the catalytic activity and selectivity 
depended strongly on the catalyst potential and 
the electrochemically induced reversible change 
in the catalytic rate was found to exceed the rate 
of ion pumping to the catalyst by up to five orders 
of magnitude and thus the rate change does not 
obey the Faraday’s law [1]: Since the improve¬ 
ment in catalytic activity does not obey the Far¬ 
aday’s law, this improvement in catalytic 
reaction rate under a condition of electrochemi¬ 
cally pumping ions, typically, oxide ion or Na + , is 
called “non-Faradaic electrochemical modifica¬ 
tion of catalytic activity process (NEMCA)” [2] 
or electrochemical promotion of catalysis 
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(EPOC) [3]. Here, unique effects of NEMCA or 
EPOC effects are explained briefly. 

EMCA (or EPOC) Effects on Catalysis 

The basic concept of this NEMCA or EPOC is 
shown in Fig. 1 where 0 2 ~ conducting solid 
electrolytes is used for C 2 H 4 oxidation [4]. 
The porous metal catalyst electrode, typically 
0.05-2 pm thickness, is deposited on the solid 
electrolyte and under open-circuit conditions, 

i.e., I = 0, no electrochemical pumping 
oxygen; no product forms in C 2 H 4 oxidation as 
shown in Fig. 1. Application of an electrical 
current I of 1 mA or potential of 0.5 V between 
the Pt catalyst and a counter electrode causes 
significant influence. The catalytic rate increase 
(Ar) is 25 times larger than the rate r 0 before 
current application and 74,000 times larger than 
the rate 1/2 F of O 2- supply to the catalyst 
electrode. 

Similar improvement in non-Faradaic 
improvement in electrochemical reaction is 
also reported for various reactions not only for 
partial oxidation with oxide ionic conductor but 
also for hydrogenation reaction with proton con¬ 
ductor, or NO reduction with CO on Na + ion 
conductor [3]. Until recently [5], more than 
70 different catalytic reactions, i.e., oxidations, 
hydrogenations, dehydrogenations, isomeriza- 
tions, and decompositions, have been electro- 
chemically promoted on Pt, Pd, Rh, Ag, Au, 
Ni, Ir0 2 , and Ru0 2 catalysts deposited on ionic 
conductor of O 2- (Y 2 0 3 stabilized Zr0 2 , YSZ), 
Na + (P-A1 2 0 3 ); H + (CaZr 0 . 9 In 0 .iO 3 , Nation); F~ 
(CaF 2 ); aqueous, molten salt; and mixed ionic- 
electronic (Ti0 2 , Ce0 2 ) conductors. Table 1 
summarizes the reaction and ionic conductor 
reported for NEMCA. Clearly NEMCA is not 
limited to any particular class of conductive 
catalyst, catalytic reaction, or ionic conducting 
support. 

Two parameters A and p are commonly used 
to describe the magnitude of NEMCA effects: 

1. The apparent Faradaic efficiency, A: 

Y = Ar cata i yt ic / (I/nF) 


where Ar catalytic is the current or potential induced 
change in catalytic rate, I is the applied current, 
n is the charge of the applied ion, and F is the 
Faraday’s constant. 

2. The rate enhancement, p: 

p — r/ro 

where r is the electro-promoted catalytic rate 
and ro is the un-promoted (open-circuit) 
catalytic rate. 

3. The promotion index, Plj, where j is the pro¬ 
moting ion (e.g., O 2- for the case of YSZ or 

H + for the case of Nafion), defined from: 

Plj = (Ar/Ar 0 )/A6j 

where 0j is a coverage of the promoting ion on the 
catalyst surface. 

A reaction exhibits electrochemical promo¬ 
tion when IAI > 1, while electrocatalysis is lim¬ 
ited to IAI < 1. A reaction is termed electrophobic 
when A > 1 and electrophilic when A < — 1. In 
the former case, the rate increases with catalyst 
potential, U, while in the latter case the rate 
decreases with catalyst potential. A values up to 
3 x 10 5 and p values up to 150 have been found 
for several systems. For example, p values 
between 300 and 1,400 have been observed for 
C 2 H 4 and C 3 H 8 oxidation on Pt/YSZ, respec¬ 
tively. In the experiment of Fig. 1, A = 74,000 
and p = 26, i.e., the rate of C 2 H 4 oxidation 
increases by a factor of 25, while the increase in 
the rate of O consumption is 74,000 times 
larger than the rate, 1/2 F, of O 2- supply to the 
catalyst [4]. 

It is reported that not only productivity but 
also selectivity is affected by NEMCA 
effects. Figure 2 shows product distribution 
and current in hydration of electrochemical 
1-butene supplied over a dispersed Pd/C cata¬ 
lyst electrode, deposited on Nafion, H + conduc¬ 
tor at room temperature [6]. Obviously, the 
products are strongly dependent on the applied 
potential. The maximum p values for the pro¬ 
duction of cA-2-butene, trans -2-butene, and 
butane are of the order of 50, and the 
corresponding maximum A values are of the 
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Non-Faradaic 
Electrochemical 
Modification of Catalytic 
Activity (NEMCA), 

Fig. 1 Basic experimental 
setup (a, b). Catalytic rate 
r and turnover frequency 
TOF response of C 2 H 4 
oxidation on Pt deposited 
on YSZ, an O 2- conductor, 
upon step changes in 
applied current (T = 643 K, 
P 0 2 = 4.6 kPa, 

Pc 2 H 2 = 0.36 kPa) 
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Non-Faradaic Electrochemical Modification of Catalytic Activity (NEMCA), Table 1 Typical case of NEMCA 
effects reported 


Cell 

Reaction configuration 

Pumped 

oxygen 

NEMCA effects 

Refs. 

C 2 H 4 ,0 2 Pd/YSZ/Au 

o 2 ~ 

A values up to 258 and p values up to 50 

[13] 

C0 2 , H 2 Pd/(3"- 

Al 2 0 3 /Au 

Na + 

Water-gas shift reaction shows NEMCA effects 

[14] 

C0 2 , H 2 Rh/YSZ/Au 

o 2 ~ 

Formation of CH 4 is promoted by NEMCA effects 

[15] 

C 2 H 4 ,0 2 Pt/BCN/Au 

H + 

A values up to 1,000 and p values up to 12 

[16] 

C 2 H 5 OH, Pt/YSZ/Pt 

o 2 

0 2 “ 

Acetaldehyde and C0 2 production rates are accelerated, A values for 
C 2 H 5 OH dehydrogenation up to 10 4 

[17] 

c 3 h 6 , o 2 lscm/ysz/ 

Pt 

o 2 ~ 

LSCM is restricted to oxidizing atmosphere 

[18] 

C 3 H 6 ,0 2 Pt/P"-Al 2 0 3 / 

Au 

K + 

p values up to 6 

[19] 

c 3 h 6 ,o 2 Pt/ 

NASICON/ 

Au 

Na + 

p values values up to 3 close to stoichiometric 

[20] 

C 3 H 8 ,0 2 , Pt/P"-Al 2 0 3 / 
Au 

Na + 

Changes in catalytic rate larger than 60 times than corresponding changes 
in sodium coverage 

[21] 

NO,0 2 Ir/YSZ 

c 3 h 6 ' 

O 2 - 

Increase in N 2 selectivity upon positive applied current 

[22] 

NH 3 Ru/SCY/Ag 

H + 

75 % decrease in the reaction activation energy under positive 
polarization 

[23] 

C 3 H 6 , Pd/SCY/Pd 

h 2 o 

H + 

4-fold increase in the rate of propane decomposition. During the 
electrochemical pumping of hydrogen, the rate of hydrogen pumped to 
the outer chamber over I/2F reaches values up to 0.9 

[24] 


order of 40 for c/s-2-butene formation, 10 for 
trans- 2-butene formation, and less than one for 
butane formation. Thus, each proton supplied to 
the Pd catalyst can cause the isomerization of up 
to 40 1-butene molecules to cfs-2-butene and up 


to 10 1-butene molecules to trans-2-butene, 
while the hydrogenation of 1-butene to butane 
is electrocatalytic, i.e., Faradaic reaction. 
Therefore, this non-Faradaic activation of 
heterogeneous catalytic reactions is a novel 
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application of electrochemistry with several 
technological possibilities, particularly in use¬ 
ful product selectivity modification and in 
exhaust gas treatment. 

Mechanism for NEMCA Effects 

The origin of NEMCA effects is also studied, and 
it is reported that the surface modification of 
reactant by ion back spillover of an effective 
double layer at the metal-gas interface is strongly 
related with unique improvement in reaction rate 
and selectivity [5, 7]. In situ work function mea¬ 
surements are performed by the Kelvin probe 
technique [7] or UPS [8] for explanation of 
NEMCA effects. These measurements show that 
over a wide range of temperatures, work function 
of metal catalyst linearly changes with increasing 
potential and the supplied ion species like oxide 
ion, proton, or Na + spill over [9] on the metal 
catalyst to form electric double layer. Schematic 
image of electrochemical modification is shown 
in Fig. 3 for the case of oxide ion conductor, in 
which 5 value is not still determined yet [5]. 


Therefore, this electric double layer which 
forms at the catalyst-gas interface modifies the 
adsorption state of reactants like oxygen. Change 
in adsorption state under application of potential 
is also studied with temperature-programmed 
desorption [10], X-ray photoelectron spectros¬ 
copy [11], etc. Figure 4 shows the typical exam¬ 
ple of electrochemical modification of oxygen on 
Pt/YSZ catalyst [5]. In this experiment, desorp¬ 
tion of oxygen from gas phase and electrochem- 
ically supplied was measured. Figure 4a presents 
the 0 2 -TPD spectra on Pt/YSZ when oxygen is 
supplied from the gas phase. A broad oxygen 
desorption peak ((32 state) was observed after 
catalyst exposure to oxygen atmosphere. In 
Fig. 4b, oxygen has been supplied electrochemi- 
cally in the form of oxygen ions (O 2- ) from the 
support, YSZ, using an external circuit and 
a constant positive current. Nonstoichiometric 
oxygen from the support migrates and gets 
adsorbed on the catalyst surface. 0 2 -TPD curve 
consists of one sharp oxygen peak (P3 state) 
desorbing at higher temperatures than the P2 
state. This suggests that the back-spillover oxy¬ 
gen exists and is more strongly adsorbed on the 
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Electrochemical 
Modification of Catalytic 
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Fig. 3 Schematic image of 

electrochemical 

modification 
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Non-Faradaic Electrochemical Modification of Cata¬ 
lytic Activity (NEMCA), Fig. 4 Typical example of elec¬ 
trochemical modification of oxygen on Pt/YSZ catalyst 
(a) gaseous adsorption, (b) electrochemical adsorption, 
and (c) mixed adsorption [5] 


surface than the gaseous oxygen of (32 state. 
Figure 4c is the 0 2 -desorption under gas-phase 
adsorption and oxygen-pumping condition, 
namely, a mixed adsorption condition. 


Two oxygen peaks evidently appear, a broad 
one originating from the gas phase ([32 state) 
and a sharper one ([33 state) occupied by a more 
strongly bonded oxygen. It is worth noting that 
the P3 state which corresponds to the back- 
spillover oxygen species acts as a promoter for 
supplied oxygen since the last one moves to more 
weakly bonded states on the catalyst surface 
(lower desorption temperatures). Using 18 0 
tracer adsorption experiment, these weakly 
desorbed species are recombination ones of oxy¬ 
gen from gas phase and electrochemically 
pumped. Consequently, origin of NEMCA or 
EPOC effects could be assigned to such signifi¬ 
cant improvement in reactivity of adsorbed reac¬ 
tant by contributing the pumped ion species. This 
is more clearly observed on Na + - pumping case 
on CO oxidation [5]. 


N 


Summary 

Many studies have been reported during the last 
almost 20 years regarding the effect of the elec¬ 
trochemical promotion of catalysis and its origin 
and application to several types of reactions of 
environmental and industrial interest. The effec¬ 
tiveness of NEMCA for catalytic oxidations, 
reductions, hydrogenerations, decompositions, 
and isomerizations using numerous types of 
solid electrolytes and catalysts underlines the 
importance of this phenomenon in both catalysis 
and electrochemistry. Application of these 
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effects on the larger size reactor is also studied 
[12], and this seems to be more popular in 
the future. In particular, much increase in perfor¬ 
mance are required for fuel cells and 
electrocatalytic reactor. Therefore, new concepts 
based on NEMCA for these area will open a new 
reseach area. 
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Basic Aspects 

Simulation is defined as the solution of 
mathematical equations (mathematical model) 
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describing a particular physicochemical phenom¬ 
enon (physical model), here in the electrochemi¬ 
cal context. Numerical techniques are commonly 
involved, because in most cases the mathematical 
model cannot be solved in a closed form. Since, at 
present, numerical calculations are almost exclu¬ 
sively performed on digital computers, the term 
“digital simulation” is also common. Besides 
experimentation and theoretical description, 
numerical simulation has been qualified as 
a third means (“computer experiments”) of 
knowledge generation in science [1]. 

Electrochemical simulations typically con¬ 
cern phenomena on the levels of (A) complete 
systems (electrochemical cell including elec¬ 
trodes and electrolyte as well as possibly envi¬ 
ronment; see, e.g., [2, 3]), (B) transport and 
reaction close to the electrode [4], or (C) atoms, 
their bonds and interactions [5]. This essay will 
be concerned with simulations on intermediate 
level B. 

Owing to the extensive use of computation, 
numerical simulation is regarded as part of 
“computational electrochemistry” [6-8], 
although this term is sometimes restricted to cal¬ 
culations on level (C). 

Numerical simulations in electrochemistry are 
used either in (1) a predictive way, i.e., the results 
describe a phenomenon which has not (yet) been 
or even cannot be studied experimentally, or 
(2) in qualitative (to determine a reaction mech¬ 
anism) or quantitative (to determine characteris¬ 
tic properties) comparison to experimental data. 
Often simulation and “modelling” are used as 
synonyms [9]. 

Cyclic voltammetry is probably the electro¬ 
chemical technique that is simulated most often, 
aiming at the analysis of electrode processes with 
respect to mechanism, kinetics, and thermody¬ 
namics of the reaction steps as well as transport 
properties of the molecules involved. The simu¬ 
lation of processes at (ultra)microelectrodes is 
also popular and highly important for the analysis 
of scanning electrochemical microscopy experi¬ 
ments [10]. 

For additional information, the reader 
is referred to earlier reviews on the topic [4, 6, 
11-13]. 


Models 

The formulation of physical and subsequently 
mathematical models is a simplification and 
abstraction of the complex real processes at the 
electrode. Thus, for the numerical simulation of 
electrode reactions, only the most important steps 
are considered: 

• Transport, often restricted to diffusion (Fick’s 
laws), but in principle also including convec¬ 
tion (Navier-Stokes equation) and migration 
(Poisson-Boltzmann equation) 

• Electron transfer, most often assumed to 
follow Butler-Volmer kinetics, but also in 
Nernstian equilibrium or according to Marcus 
kinetics 

• Adsorption of molecules at the electrode sur¬ 
face, described by isotherms (e.g., Langmuir 
or Frumkin) 

• Preceding or follow-up chemical reactions in 
the electrolyte phase or on the surface with 
appropriate kinetics, resulting in the great 
variety of electrode reaction mechanisms 
in electroanalytical and electrosynthetic 
contexts. 

The combination of these steps defines the 
temporal ( t ) and spatial (for typical one¬ 
dimensional models: x; two- and three- 
dimensional simulations are also performed 
[10]) variation of the concentrations c of all 
educts, products, and intermediates involved. 
The concentrations at the electrode surface and 
in the bulk of the solution are defined through 
boundary conditions. Electrode boundary condi¬ 
tions also characterize the type of experiment 
performed, e.g., a triangular potential variation 
for cyclic voltammetry or a potential or current 
step function for chronoampero- or chronopoten- 
tiometry, respectively. The equations of the 
resulting mathematical model form a system of 
partial differential equations (PDEs) with the c as 
the unknowns. This system is solved starting 
from initial values of the unknowns (initial con¬ 
ditions) and subject to the boundary conditions. 
The primary solution provides concentration pro¬ 
files c =f(x) as a function of t. The experimental 
observable (in the case of a potential controlled 
experiment, the current i through the electrode; 
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for a current controlled experiment, the potential 
of the electrode E) is often calculated from these 
profiles. It may, however, also be considered as 
an additional unknown [14]. 


Algorithms 

Numerically, the solution of the model equations 
(PDEs subject to initial and boundary conditions) 
corresponds to an integration with respect to the 
space and time coordinates. In general, this is 
an approximation to the mathematical model’s 
exact solution. In simple cases, often restricted 
models, analytical solutions given by some, even 
complex, mathematical function are available. 
Additional work, e.g., Laplace transformation of 
the original mathematical model, may be 
required. Generating an analytical solution is 
commonly not termed simulation (“modelling... 
without... simulation” [15]). If such solutions are 
not practical, several techniques are applied, 
among these: 

• Finite difference approximation of the con¬ 
centration profiles. The space and time axes 
are discretized in the form of points or boxes, 
and the differential equations are changed 
into difference equations. The solution 
reduces to that of a system of ordinary 
equations. 

• Orthogonal collocation - the substitution of 
the concentration profiles by polynomials 
that are forced to locally fulfil the differen¬ 
tial equations exactly at certain points 
(discretization based on the zeroes of the poly¬ 
nomials). The partial differential equations are 
reduced to ordinary differential equations to 
be solved by standard methods. 

• Finite element methods are based on global 
constraints imposed on the solution in cer¬ 
tain, finite domains (“elements” defining 
the discretization) along the space coordi¬ 
nate. Thus, the integrated residual between 
the true and the approximated solutions is 
forced to zero subject to a weighting 
function. 


Certain electrochemical conditions present prob¬ 
lem cases for these algorithms, in particular [11]: 

• The development of narrow diffusion layers 
close to the electrode or reaction fronts inside 
the electrolyte requires extremely high accu¬ 
racy in these space regions. 

• Abrupt changes in the controlling potential or 
current cause discontinuous changes of the 
boundary conditions or concentration profiles 
with t. 

• Fast chemical reaction steps result in “stiff’ 
PDE systems calling for specialized solvers. 

• Nonlinearity of mathematical model equa¬ 
tions results from reactions with orders higher 
than unity or particular boundary terms (e.g., 
adsorption isotherms). 

To accommodate such situations, adaptive 
algorithms have been proposed that dynamically 
select the discretization step size in t and x 
according to the situation [16]. 

Simulators 

Algorithms to solve mathematical models in 
electrochemistry are implemented as computer 
programs and used in the specific context of 
a particular experiment, problem, electrode reac¬ 
tion mechanism, etc., to be studied. However, for 
practical use in the electrochemical community, 
they have also been generalized in extended pro¬ 
gram packages (simulators) to be applied to 
a great variety of situations. Moreover, some 
electrochemical simulators provide means to eas¬ 
ily define reaction mechanisms or experimental 
details and translate corresponding user input 
dynamically into the PDE system and its initial 
and boundary conditions. Finally, tools for data 
analysis and further tasks may complement 
a simulator to give a “problem-solving environ¬ 
ment” [6]. 

A selected list of such simulators for electro¬ 
chemical experiments is given below: 

• cvsim [17] was an early attempt of a cyclic 
voltammetry simulator with a fixed selection of 
common electrode reaction mechanisms, 
casim (for chronoamperometry) and gesim 
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(for galvanostatic electrolyses) were companion 
programs. Their development (based on orthog¬ 
onal collocation) has been discontinued. 

• DigiSim[18] was the first commercialized 
[19] cyclic voltammetry simulator and 
remains very popular with a window-based 
user interface and a rather general input tool 
for electrode reaction mechanisms, allowing 
nonprogrammers to formulate the reaction 
steps in a way intuitive to an electrochemist. 
It is based on finite difference algorithms. 

• DigiElch [20] is a rewrite and extension of 
DigiSim with additional features by one of 
the original authors. 

• ELSIM [6, 8] uses a somewhat different 
approach by providing an input tool on the 
level of the mathematical model which is 
solved by finite difference techniques. 

• EChem++ [9, 14] is based on adaptive finite 
elements. Both reaction mechanisms and 
experimental conditions (such as the potential 
or current program applied to the electrode as 
an “excitation” of the electron transfer pro¬ 
cesses) can flexibly be formulated. It is an 
open-source program maintaining principles 
of object-oriented software design [21] and is 
under continuous development. 

• Online simulators have been described [13], 
but only one (for the specific problem of 
a monolayer covered electrode order cyclic 
voltammetric conditions [22]) seems to be 
working to date [23]. 

Applications 

Simulations are generated in practice in both 
dimensioned and dimensionless forms. Running 
a dimensioned simulation requires to know (or 
assume) real values of parameters describing the 
modelled system, e.g., rate constants and diffu¬ 
sion coefficients, and leads to results that can 
directly be compared to experimentally observed 
currents or potentials. 

On the other hand, in dimensionless simula¬ 
tions, all parameters values are normalized. 
Dimensionless results are particularly valuable 


because they can be transformed into many real 
contexts, depending on the normalization equa¬ 
tions (usually linear). 

It must be noted that, owing to the approxi¬ 
mate character of simulations (see above) and the 
facts that (a) the solutions are not unique (several 
models may give the same results) and (b) possi¬ 
bly errors in calculation or inadequate model, 
mathematical, or algorithmic formulations will 
cancel each other (and consequently go 
undetected) [1], great care must be taken when 
drawing conclusions from comparing experi¬ 
ments and simulations [4, 11]. 

Typical example applications include: 

• Simulations are used to explore the behavior 
of certain mechanisms; see as an example the 
influence of the attractive or repulsive interac¬ 
tion between molecules (characterized by 
a AB ) upon Frumkin-type adsorption on an 
electrode surface (Fig. 1) [24]. 

• A large number of dimensionless simulations 
can be condensed into working curves or zone 
diagrams [25]. 

• (Complex) mechanistic schemes are simu¬ 
lated, and the results are compared to 
experiments, helping to support or discard 
mechanistic hypotheses [26]. The example 
(Fig. 2) shows cyclic voltammograms for 
a mechanism including 3 electron transfers 
and 4 chemical steps [27]. 

• Quantitative comparison between simulation 
and experiment enables to determine rate con¬ 
stants, redox potentials, and other characteris¬ 
tics of the investigated electrochemical system 
(see also Fig. 2). In this case, it is strongly 
advised not to rely on comparison of a single 
curve but rather to fit simulations to experi¬ 
mental data recorded under widely varying 
conditions [26]. 

Conclusions 

Numerical simulation is an indispensable tool in 
electrochemistry to model complex real systems, 
in particular at the level of chemical reaction and 
transport processes. The approximation and solution 
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in Electrochemistry, 

Fig. 1 Simulated cyclic 
voltammograms with 
dimensionless current 
( 71 1/2 \|/) for a redox couple 
with Frumkin adsorption, 
a AB is the interaction 
parameter (Adapted 
from [24]) 
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in Electrochemistry, 

Fig. 2 Comparison of 
simulated (line) and 
experimental (symbols) 
cyclic voltammograms of 
octamethyl-1,1 '-bipyrrole, 
details, and simulation 
parameters; see [27] 
(Adapted from [27]) 



of partial differential equations that describe the real 
phenomena lead to an improved understanding of 
the pertinent reaction mechanisms and their kinetics 
and thermodynamics. It also allows to determine 
physicochemical constants and parameters related 
to the electrochemical process. 

Cross-References 

► Cyclic Voltammetry 
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